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Abstract

The synthesis of mesoporous silicas with a highly symmetric ordered network of pores is
an area of extensive research with potential applications in catalysis, adsorption, and
materials chemistry. Particularly attractive is the possibility to enhance these materials
by covalently binding organosilanes to the surface, thereby opening a path toward
structured materials with an extensive range of surface properties.

As it is well

understood that the underlying substrate can have much influence on functionalization, an
extensive study into the effects that silica surface curvature has on the ability to
covalently bind alkylsilanes of increasing chain length (CI to Cjo) will be presented and
discussed in Chapter 1. Three types of substrate geometries will be the focus of this
chapter: convex surfaces of fumed silicas, concave surfaces of ordered mesoporous
templated silicas, and the relatively flat surfaces of large pore silica gels. Comparisons
will be made in regards to packing density and molecular ordering, with special attention
being placed on the surface functionalization of templated silicas.

Functionalization of templated silicas can be accomplished through one of two separate
and distinct techniques: (1) the covalent binding of organosilane groups to the surface in
a process known as post-synthesis grafting or (2) through the direct incorporation of
organosilane groups into the silica structure in a process known as co-condensation.
Over the past several years, co-condensation has gained much attention as it enables one
to seemingly synthesize a well-ordered functionalized material in just a single step.
While a significant number of publications have been written in regards to this technique,

very few have compared material synthesized through this method to material
synthesized through traditional post-synthesis grafting. The work presented in Chapter 2
will systematically compare these two methods, focusing primarily on the characteristics
of the prepared materials when functionalized with alkylsilane chains of increasing
length. Homogeneity of the surfaces, long-range ordering in the pores, and apparent
hydrophobicity will be discussed.

Lipid bilayers on the surface of silica will be the focus of Chapter 3 . Here, lipid bilayers
consisting largely of phosphatidylcholine will be deposited on the surface of mesoporous
silica with pore sizes ranging from 6 nm to 250 nm in an effort to determine their
intrinsic flexibility and ability to conform to the contours of the underlying surface.
Lipids supported on solid surfaces are of great interest due to their ability to serve as
artificial model membranes, thus playing an important role in gaining insight into the
physical and chemical characteristics associated with these biological barriers.

While the adsorption of lipid bilayers provides insight into the cell membrane, the
adsorption of dissolved gas onto hydrophobic silicas provides insight into a well known
phenomenon within the chromatographic community. Commonly referred to as "phase
collapse", the sudden loss of analyte retention in reverse phase HPLC due to the use of an
eluent with a high aqueous percentage is observed quite frequently when attempting to
separate polar species that do not interact strongly with the stationary phase. This
phenomenon has primarily been attributed to either a physical collapse of the alkyl chains
or a de-wetting of the modified hydrophobic surface.

Unfortunately, these current

proposed mechanisms do not completely explain the experimental data and are not
supported by direct investigation of the water I hydrophobic interface.

Here, an

alternative explanation is presented which involves the adsorption of dissolved gas to
form a vapor barrier between the hydrophobic stationary phase and the surrounding
water. This will be discussed in Chapter 4.

Although still focused on the chemistry of silica, the final chapter departs from the
previous four chapters in that silicon dioxide is no longer the principle substrate. Here, a
manufacturer of printing plates sought guidance on a dilemma regarding the quality of
their product.

For customers located in areas of high heat and high humidity, an

unusually high number of printing plates were producing printed media of substandard
results due to a separation of the top silicone layer from the underlying titanium layer.
The final chapter (Chapter 5) will focus on why these plates were failing, providing a
clear assessment of what is actually occurring at the titanium I silicone interface in
addition to detailing what can be done to alleviate this issue.
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Chapter 1: The Effect of Curvature on the Packing and Ordering of Organosilane
Monolayers Supported on the Surface of Silica

Abstract
This work investigated the effects of nanometer-sized substrate surface curvature on the
structure of organic monolayers chemically grafted on dispersed and porous solids. A
series of covalently attached monolayers was prepared via solution-phase reactions of
C,H2n+lSi(CH3)2N(CH,)2(n = 1-30) with well-defined silicas having (I) convex (fumed
silicas) surfaces, (2) concave (SBA-15 silicas) surfaces, and (3) nearly flat surfaces
(large-pore silica gels). According to chemical analysis and infrared spectroscopy, the
grafting density and molecular ordering (as assessed from the frequency of the
asymmetric CHI stretching band) of alkyl groups covalently attached to the underlying
substrate were largely influenced by steric effects: the concave surfaces hindered, while
the convex surfaces assisted in the formation of a closely packed and highly ordered
monolayer. The low-temperature adsorption of nitrogen was studied, with energies of
adsorption being evaluated from the C constant of the Brunauer-Emmett-Teller equation.
For monolayers comprised of intermediate and long alkyl chains (n > 8), the grafting
density increased, the molecular ordering improved, and the energy of adsorption
interactions decreased in the following range of substrates: concave surfaces
surfaces - convex surfaces.

-

flat

Introduction
The use of organosilanes in the surface functionalization of minerals and the preparation
of solid-supported organic monolayers

1-3

. a powerful and versatile approach to
is

controlling and changing the surface characteristics of the underlying material. Among
the great variety of different organosilanes that can be used for surface functionalization,
monofunctional organosilanes (R&X), having only one hydrolyzable group (X

=

Cl,

OR, NR2, and OH), are far superior in terms of reproducibility as only one type of
reaction is possible: the covalent attachment of the silane to the underlying substrate
through Ms-O-Si

Arguably one of the most important substrates for functionalization, silica has been the
focal point of a great library of work regarding reactions with monofunctional silanes,
specifically the n-alkyldimethylsilanes. Overall, three types of substrate geometries exist
for silica: the convex surfaces of fumed silicas6.' (silica colloids, fillers, and pigments),
the concave surfaces of porous silicasgs9(adsorbents and chromatographic stationary
phases), and the planer surfaces3,lO,l 1 of silicon wafers and large-pore silicas (adhesion
and wetting control).

For fully hydroxylated smooth silica surfaces, where the radius of curvature is
substantially greater than the size of the grafted molecules, the underlying substrate has
little to no effect on the organization of the covalently attached monolayers. The grafting
(packing) density of the monolayer is primarily controlled by the cross-sectional area of
the grafted molecules

The situation, however, changes for monolayers

supported on highly-curved surfaces of dispersed and/or porous substrates, where the
radius of curvature is only a few nanometers, and thus comparable in size to the grafted
molecules. In this case, the geometry of the substrate may influence the packing and
molecular ordering in the monolayers, affecting adsorption, wetting, and other surface
related properties of the materials. In the literature, the effect of surface curvature on the
monolayer was theoretically examined only for concave

surface^,'^-'^

with the results

being provided for covalently attached monolayers supported on porous silica gels.
Although the rnode~s"-'~adequately describe the decrease in the grafting density of the
monolayer in the narrow pores of the samples, an accurate evaluation of the effects
related to pore curvature was difficult due to the fact that the pore surfaces of silica gel
substrates are highly complex. Silica gel substrates include concave as well as convex
surface geometries as silica gels are formed by the aggregation and chemical adhesion of
spherical particles (primary particles of silica) through the sol-gel process. A schematic
of this process in highlighted Figure 1-1. The porous structure results from the interparticle space between where the primary particles of silica randomly joined together.
This subsequently yields a highly disordered network of interconnected pores with a very
wide size distribution. In addition, as contact points have both positive and negative
curvature, not only is the pore structure random, but the surface geometry is random as
well.

Figure 1-1: Formation of Silica through the Sol-Gel Process

Adhesion

.
Pore

Formation

0

4

I

Convex Portion of Pore

I

Primary Silica Particle

Figure 1-1:

Concave Portion of Pore

Formation of silica through the sol-gel process yields a highly complex pore structure

containing both convex and concave characteristics. Pore dimensions are random with a very wide size
distribution.

To the best of my knowledge, surfaces that are strictly concave and surfaces that are
strictly convex have not been investigated in regards to the role that substrate curvature
plays on grafting density, monolayer ordering, and properties of adsorption. In the
present work, the effects of surface curvature and alkyl chain length were systematically
investigated for monolayers of alkyldimethylsilanes covalently attached to well-defined
concave, convex, and flat silica surfaces in order to determine the respective influence of
each on grafting density, monolayer ordering, and properties of adsorption.

Experimental
Silica Substrates
All silicas used in this study are listed in Table 1-1. Specific surface area (SBET,
using a ~ 2
=

13.5A2),pore volume (determined from the amount adsorbed at plpo = 0.95), and pore

radius data for the bare silicas were obtained from low temperature nitrogen adsorption
isotherms (77K, Coulter 100CX).

The reported pore radius was obtained as the

maximum point of the pore size distribution curve, derived from the desorption part of
the isotherm using the Kelvin equation. Analysis of the comparison plots (alpha-S plots)
demonstrated that all the samples were essentially free from micropores (pores less than
20A in diameter).

Table 1-1: Characteristics of Silicas as Determined from Nitrogen Adsorption

rSilica (Vendor)

I
I

Average

Radius of

Particle

Surface

Size (pm)

Curvature (nm)

Fumed silica 70 (Aldrich)
Aerosil200 (Degussa)

Silica gel Jupiter
(Phenomenex)

7
I
Silica gel Davisil 663
(Supelco)

I

I

IA silicas synthesized using Plur

I

le referenced procedure.'6 The first

number in the notation is aging time (hours), the second number is the aging temperature (T).

6

Preparation ofthe Covalently Attached Monolayers
Surface modification of silicas used in this study was performed using

(N,N-

Dimethylamino)alkyldimethylsilanes (CnH2,+1Si(CH3)2N(CH3)2;
n = 1-30) according to
the following reaction scheme:

Reaction conditions were optimized from that of a previous work.5 Similar conditions
were also used by Kovats et al.lo Briefly, prior to the reaction, silicas were dried at
100°C for at least 3 hours. Aminosilane was then added to the dried silica in a vial with
an amount of aminosilane sufficient to completely cover the entire sample. C18, C20, and
C30silanes were solid at room temperature and had to be pre-heated before the addition.
The vial was then sealed and stored at 60°C for a period of 24 hours. The modified silica
was then placed on a fritted-glass filter, washed first with toluene, then acetone, a 3:l
acetone / water mixture (3x), and finally acetone again. Drying was carried out at 60°C
for 3 hours. Silanes with n

=

1, 8, and 18 (Gelest, Morrisville, PA) and n

=

4 (Sigma

Aldrich, St. Louis, MO) were used as received. Silanes with n = 2, 3, 5-7, 10, 12, 14, 16,
and 20 were synthesized in two steps (all chemicals were purchased from Sigma
Aldrich). Step 1

-

Hydrosylation of alkenes with dimethyl-chlorosilane: 20 mL of

dimethylchlorosilane and -1 0 mg of chloroplatinic acid catalyst (H2PtC16)were placed in
a nitrogen-purged round-bottom flask and gently heated while 0.85 molar equivalents of
the appropriate alkene was added drop-wise over a period of two hours; upon addition the

solution was allowed to reflux for one hour.

Subsequent distillation yielded the

respective alkyldimethyl-chlorosilane (CnH~n+lSi(CH3)~CI).
Step 2 - Synthesis of (N,Ndimethylamino)silanes: -10 mL of alkyldimethylchlorosilane was dissolved in 100 mL
of pentane and saturated with dimethylamine gas (-10-fold excess by moles). Filtration
of the (CH3)zNH.HCI salt and removal of the pentane provided the desired product:

(N,N-dimethylamino)aIkyldimethylsilane. The synthesis of Triacontyldimethyl(N,Ndimethylamino)silane (n

=

30) was prepared from triacontyldimethylchlorosilane

obtained from Gelest.

Progress of the surface reactions was monitored using Fourier Transform Infrared
Spectroscopy (FTIR) and chemical analysis. FTIR measurements were performed using
a Perkin-Elmer Spectrum One instrument equipped with a Harrick Seagull reflectance
accessory (45" angle of incidence, mercury-cadmium-telluride detector, 124 scans, and 1
cm-' resolution). Chemical analysis (carbon and hydrogen) of the monolayers was
performed by Schwarzkopf Microanalytical Lab (Woodside, NY) using the ASTM
method. Grafting density (p, groups/nm2) of the monolayers was calculated via the
following equation:

where %C is the percent carbon (wiw) in the sample, nc is the number of carbons in the
grafted group, MW is the molecular weight of the grafted group, and S(BET) is the BET
surface area of the underlying bare silica.

Determination ofsurface Silanols
Determination of the residual (unreacted) surface silanol groups (SisOH) in the modified
silicas was performed through an isotope exchange with CD3OD. This was then followed
by an immediate 'H NMR analysis of the solution using a Bruker 300 MHz NMR. All of
the

glassware

used

in

this

analysis

was

pre-treated

with

(N,N-

dimethy1amino)trimethylsilane in order to minimize the contribution from surface
silanols present on the glass. This also helped to reduce the availability of protons from
adsorbed water. Approximately 0.2 g of modified silica was accurately weighed into a
headspace vial and subsequently heated at 120°C for 3 hours under vacuum. After
allowing the sample to cool under a passive flow of nitrogen, 2 mL of CD30D was
injected into the vial and the contents were left to stand for a period of 1 hour, which
through experimentation was determined to be sufficient time to reach the proton
exchange equilibrium. A 20 pL aliquot of chloroform was then added via syringe,
obtaining the exact amount transferred via weighing. The solution was then carefully
transferred to an NMR tube pre-rinsed with CD30D and dried under nitrogen. Two
prominent peaks were evident in the 'H NMR spectrum, a singlet from the chloroform
present at 7.8 ppm and a singlet from the methanol hydroxyl group present at 4.8 ppm.
Integration of the OH peak relative to the internal chloroform standard enabled the
calculation of residual surface silanols in the sample. The total amount of silanol groups
on the surface of bare silica was obtained after summation of the residual silanol groups
and the grafting density of the alkylsilane. The results are shown in Table 1-2.

Table 1-2: Determination of Surface Silanol Groups in Modified Silicas
Total OH Gmups

Grafting Density of

Free OH Groups in the
Modified Silica

(Groupslnm2)

Sample ( ~ r o u p s l n m ~ ) Alkylsilane (Groupslnm2)
Davisil C1
Davisil C4
Davisil C5
Davisil C8

I

2.7

I

2.3

I

Average: 5.610.4

(Radius of Surface Curvature: 25 nm)

Average: 4.9*0.2

(Radius of Surface Curvature: 3 nm)

Average: 5.1+0.2

(Radius of Surface Curvature: -6 nm)

5.0

The average number of surface silanols determined experimentally remained consistent at -5 groupslnm
regardless of surface geometry.

The average number of surface silanols was determined from the

combination of free silanol groups as calculated through proton exchange and reacted silanol groups as
calculated though grafting density data.

Results and Discussion
Selection of Substrates
Three categories of silica substrates with well-defined surface geometry were selected for
this study: (1) fumed silica

-

convex surface of spherical particles; (2) highly-ordered

mesoporous SBA-15 silica concave surface of cylindrical pores, and (3) hydrothermally
-

treated macro-porous silica gels - smooth, nearly flat surfaces of large pores. At this
time, it is important to note that although the surfaces of the macro-porous silica gels
were not truly flat, the effects of surface curvature on the grafting density were rather
minimal due to the fact that the radius of curvature (-20 nm) for these materials was
about one order of magnitude greater than the size of the grafted molecules. Such a large
difference enables one to regard the surface curvature of these materials as being
negligible; from the perspective of the grafted alkylsilyl groups, the surface is essentially
flat. In addition, prior to the reaction with the alkylsilanes, the macro-porous silicas were
subjected to prolonged hydrothermal treatment (silicas were boiled in water), which is
known to reduce minor surface roughness, producing smoother and much more uniform
surfaces."

For fumed silicas (convex) and SBA-15 silicas (concave), the simple geometry of these
materials was confirmed by transmission electron microscopy (TEM; Figure 1-2). From
these images, fumed silicas were observed to be a collection of smooth non-porous
spheres, while the SBA-15 silicas were observed to be a collection of porous particles
with a highly organized pore structure (long cylindrical non-interconnecting pores of a
consistent diameter arranged hexagonally). This type of pore structure, formed through a

templating process where silica hydrolyzes around an organic template, is quite different
from the pore structure of silica formed through the sol-gel process. Where the pore
structure of silica formed through the sol-gel process is irregular and complex, containing
both concave and convex geometries, the pore structure of templated silica is ordered
with a regular repeating pattern. This ordered pattern of cylindrical pores results in a
strictly concave surface geometry ideal for this type of study. However, to ensure
adequate comparison between silicas with differing surface geometries, the number of
reactive sites (surface silanols) must be similar for each sample regardless of surface
geometry.

To determine if this is indeed the case, the concentration of surface silanol groups was
determined for silicas from each category using an isotope exchange method. The results
for this experiment are shown in Table 2-2. From the data, it was observed that silicas of
different origin all showed a similar concentration of surface silanols (-5

OH

groups/nm2) regardless of particle size, surface area, or porosity. This value of 5 OH
groups/nm2, which is characteristic of a fully hydroxylated silica surface'', is highly
important. Since all silicas in this study have a similar number of surface silanol groups,
any differences in grafting density, molecular ordering, or adsorption properties for
analogous covalently attached monolayers must entirely be due to the effects of surface
curvature.

Figure 1-2: TEM Images of Non-Porous Fumed Silica and Ordered SBA-15 Silica

Figure 1-2: Top - Aerosil 200 (scale bars: 100 and 20 nm, respectively). Average particle diameter is 12
nm. Bottom - SBA-24180 (scale bars: 100 and 50 nm, respectively).

Grajiing Densily and Molecular Ordering in the Covalently Attached Monolayers

The first important observation in this study was related to the monolayers prepared from

(N,N-dimethylamino)trimethylsilane, the smallest trialkylsilane. Monolayers comprised
of the trimethylsilyl group showed grafting densities of -2.5-2.8 groupslnm2 for all of the
silicas listed in Table 1-1, regardless of surface geometry. It is important to note that the
value of 2.8 groups/nm2 (-0.35 n d per molecule) is the maximal possible grafting
density, which is attributed to the closest possible packing of trimethylsilyl groups on the
surface of si~ica.'.'~. Therefore, the reaction of trimethylsilane produced the closest
possible packing density; substrate geometry had no observable impact. On the other
hand, for longer alkyl chains, the effects of the substrate geometry on the grafting density
of the monolayers were quite apparent, as shown in Figure 1-3. The data in Figure 1-3
suggests three different patterns of chain length dependence, a separate dependence for
each one of the different surface geometries: convex, concave, and nearly flat silica
surfaces. The data for each type of substrate are analyzed separately below.

Figure 1-3: Grafting Density as a Percentage of the Maximum (Trimethylsilyl)

Alkyl Chain Length

Figure 1-3: Grafting density as a function of alkyl chain length for CAMS supported on fumed silicas

(squares), SBA-I5 silicas (diamonds), and Davisil and Jupiter silica gels (triangles). The dashed line
represents the model calculation (grafied molecules were approximated as rigid spheres with the volume
equal to the molar volume of liquid alkylsilanes).

Nearly Flat Silica Surfaces
For flat silica surfaces, e.g. silicon wafers, glass plates, quartz crystals, and large pore
silicas, grafting density and ordering of covalently attached monolayers are functions of
the alkyl chain length only. The grafting density of these monolayers showed a notable
decrease when the alkyl chain was increased by a few carbon atoms (from methyl to
butyl), while further increases in the length of the chain showed little to no effect (Figure

1-3). For alkyl monolayers with n > 4, the grafting density leveled off at approximately
75% from the maximal grafting density value observed for monolayers of trimethylsilyl

groups. The results obtained here were in good agreement with the data published for
alkyldimethylsilane monolayers supported on silicon wafers and large-pore

silica^.'^-^'

The decrease in the grafting density for the short-chained CAMS was attributed to the
steric repulsion of alkyl groups of increasing size (increased molar volume and crosssectional area). In order to evaluate the effects of increased molecular size, a relationship
between grafting density and the molar volume of the grafted groups was obtained using
a rigid-sphere model of the monolayer. In this model, the volume of each sphere was
equal to the molecular volume of the grafted molecule (V,).

An illustration is provided

in Figure 1-4.

Figure 1-4: Rigid-Sphere Model (Trimethylsilyl Group)
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Figure 1-4: For the model used to approximate the grafting density of covalently attached monolayers,

each grafted alkylsilyl group is modeled after a rigid sphere, where the volume of the sphere is equal to the
molecular volume of the grafted molecule. Distance between grafted groups is equal to 2.r; hexagonal
packing is assumed.

The distance between contacting spheres (L) is (1/2)~[(3~,)/(4n)]'".

Assuming a

hexagonal packing of molecules in the monolayers (most optimized), the grafting density
,
can be further reduced to -0.1 1 1 0 9 2 . ( ~ 2 ' ~ )Figure
.
is obtained as p = 2 ~ ~ / ( 3 ' " )which
1-3 shows the plot of grafting density versus chain length for alkyldimethylsilane
monolayers obtained using the molecular volume (V,) calculated from the density
(g/mL) of alkylsilanes (dashed line). The agreement between the experiment and the
model was quite good for monolayers with chain lengths up to approximately six to seven
carbon atoms. For longer alkyls, however, the experimental grafting density data was
notably higher than predicted by the model, arguing for a deviation from the rigid-sphere
model due to the possible orientation and structuring of the long-chained alkylsilane
groups. It is speculated that the increase in the grafting density of the long-chained
alkylsilane groups is attributed to an increased van der Wads attraction (per mole)
between adjacent groups. An increased attraction between alkyls along with the higher
flexibility of longer alkyl chains produced a more efficient packing and a more ordered
structure as compared to monolayers comprised of short-chained alkylsilanes.

The molecular ordering in the monolayer was assessed by FTIR from the position of the
CH2 asymmetric stretching band of the grafted alkyl groups.22-24
structure, the frequency of the asymmetric CH2 stretching band is v,

For a disordered

- 2928 cm-I.

For

well-ordered structures, e.g. self-assembled monolayers (SAMs) of alkyl-thiols on gold,
the frequency is V,

- 2915-18 cm-I.

Figure 1-5 presents the asymmetric CH2 stretching

frequency for a series of alkylsilanes supported on different silicas plotted as a function
of the alkyl chain length. For alkyl monolayers supported on large-pore silica gels, the

frequency shifted from va -2926 cm-I (n = 4) to V, -2923-24 cm" (6 < n < 16) and further
down to

V,

- 2920-21 cm-I (n = 18-30).

This data indicated a definite increase of

ordering in the monolayer as the length of the alkylsilyl increased in size. However, it is
noted that the frequency of the asymmetric CH2 stretching band in the monolayer was
always higher than in the corresponding neat alkylsilane (alkylsilanes with n = 1-16 were
liquids; alkylsilanes with n > 18 were solids at 20°C), Figure 1-5. This suggested that the
alkylsilane molecules in the monolayer were in a state of greater disordered than their
neat unreacted counterparts.

This relatively more disordered state of alkylsilane

monolayers, as compared to neat silanes, was attributed to poor lateral contacts between
the grafted molecules as well as an absence of "vertical interactions" for molecules in an
attached monolayer.

Figure 1-5: Asymmetric CH,: Stretch as a Function of Alkylsilyl Chain Length
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Figure 1-5: Frequency of the asymmetric CH2 stretching band (v,) as a function of alkyl chain length for

covalently attached monolayers of alkylsilanes supported on Fumed silica, radius = 3.5 nm (squares), SBA15 silica, pore radius

=

2.5 nm (diamonds), and Davisil silica, pore radius

=

25 nm (triangles). Neat

alkylsilanes are represented by circles.

Concave Surfaces

The grafting density of attached alkyl monolayers supported inside the pores of the SBA-

15 silicas (pore radius

=

2.5 nm for SBA 24/80 and 3 nm for SBA 48/80) showed a

continuous decrease with alkyl chain length, as depicted in Figure 1-3. For the shortchained monolayers, the decrease was similar to that observed for monolayers supported
on large-pore silicas. However, for the long-chained monolayers (n > 8), the grafting
density did not level off but continued to decrease in close agreement with the rigid

sphere model. Long-chained monolayers supported on SBAs were approximately 2025% less densely packed than the Davisil and Jupiter (nearly flat surfaces) supported
monolayers of comparable chain length. The continued decreased in the grafting density
of the monolayers was attributed to the additional steric constraints placed on molecules
located within the confines of the narrow cylindrical pores (pore radius -2.5 and 3 nm,
respectively) as compared to the relatively flat surfaces of the Davisil and Jupiter
material.

The CH2 stretching frequency (v,) data indicated disordered structures of

covalently attached alkyl groups, corroborating the low grafting density data. Even for
monolayers comprised of long-chained alkylsilanes (n = 18 and 20), the frequency of the
asymmetric CH2 stretch was -2923-24 cm-', demonstrating essentially no ordering of the
alkyl groups on the surface. This is shown in Figure 1-5.

Convex Surfaces
If grafted molecules supported on concave surfaces experienced more steric hindrance
than molecules supported on flat surfaces, one may anticipate the opposite effects to be
true for convex surfaces in general. As expected, the results obtained supported this
intuitive conclusion. The grafting density of alkyl monolayers supported on non-porous
fumed silicas (radius of -3.5 and 6 nm, respectively) was close to its maximum,
regardless of the alkylsilyl group grafted to the surface. For small and intermediate
chains (n

=

1-16), no significant changes were evident, while for very long alkyl chains

(n > 18), only a slight decrease was evident, Figure 1-3. It is believed that the negative
curvature of the substrate alleviates steric hindrance in the alkyl monolayers just enough
so that the long-chained alkylsilanes show the same high grafting density as the

trimethylsilyl groups. The alkyl monolayers attached to the fumed silica surface showed
the highest degree of molecular ordering among all the substrates studied in this work, as
shown in Figure 1-5. For the long-chained alkyl monolayers (n > 18), the CH2 stretching
frequency was

- 2917-18 cm-', indicating highly-ordered alkyl surfaces comparable to

the closely-packed self assembled monolayers of alkyltrichlorosilanes.

Adsorption of Nitrogen on Alkyl Monolayers Supported on Concave, Convex, and Flat
Substrates

The adsorption isotherms for bare silicas and silicas with attached alkyl monolayers
belonged to the physical adsorption type isotherms with the capillary hysteresis loop (for
porous samples). For all the adsorbents studied, a good fit to the BET equation was
obtained in the region of relative pressures ranging from plp, 0.05 to plp, 0.3. The
intensity of the adsorption interactions of nitrogen with the surface of covalently attached
monolayers was assessed from the C constant of the BET equation:'
exp(AH,&T).

The C constants are provided in Table 1-3.

where C z

Table 1-3: C Constants of the BET Equation for N2 Adsorption on Alkyl
Monolayers Supported on Different Silicas
Silica Substrate

Grafted Group in CAM
Aerosil200

Jupiter

SBA-15

S O H (Bare Silica)

100

140

200

-Si(CH3)3

12

11

15

-Si(CH3)2 C 8 9

15

18

20

-Si(CH3)2C~H~7

15

20

22

-S~(CH~)~C~BHV

18

22

27

Although rigorous interpretation of the C constant combined with its use for the
determination of surface energies has fundamental limitations (primarily due to the
approximate nature of the BET model), this simplistic qualitative approach works quite
well: the lower the C constant value, the lower the average surface energy. Bare silicas
demonstrated high values of C constants (-100-200), which was indicative of the high
energy surfaces of OH gro~ps.26-28Attachment of alkyl monolayers on silica greatly
reduced the energy of adsorption interactions; the C constants dropped down an order of
magnitude, indicating low-energy surfaces of alkyl groups.

Monolayers of

trimethylsilane showed C constants close to 11-12, the value characteristic for a closelypacked layer of CH, groups.27"' For CAMS of longer alkyls, C constants increased up to
20-30, which was attributed to surfaces of mixed CH2 and CH3 functionalities. Close
inspection of the data in Table 1-3 showed that alkyl monolayers supported on concave
surfaces demonstrated higher C constants than alkyl monolayers supported on flat and
convex surfaces, respectively. For alkyl monolayers of the same alkyl group, higher C

constants indicated a higher fraction of the CH2 groups available for adsorption; this
could be due to the presence of residual OH groups on silica. Based on the adsorption
data, it was not possible to rule out whether the CH2 or OH functionalities (or both)
contributed to an increase in the energy of the adsorption interactions. In either case,
however, an increase of the C constant was consistent with an increase of surface
disorder for covalently attached alkyl monolayers in the range of convex-flat-concave
substrates, thus corroborating the results of grafting density and FTIR.

Conclusion
The structure of covalently attached monolayers of alkyldimethylsilanes supported on
solid surfaces was largely determined by interplay of two separate factors: (1) the length
of alkyl groups and (2) the curvature of the surface. Three basic types of silica substrates
with different geometries were compared: concave, convex, and nearly flat surfaces. The
results of chemical analysis, FTIR, and nitrogen adsorption (77K) suggested that the
concave surfaces hindered, while the convex surfaces assisted in the formation of closelypacked and highly-ordered alkyl monolayers. For alkyl monolayers of intermediate and
long chain length (n > 8), the grafting density increased (by -20-40%), the molecular
ordering improved, and the energy of adsorption interactions decreased as one moved
from concave surfaces to flat surfaces to convex surfaces.

Addendum A (Rigid Sphere Model on Curved Surfaces)
This supplement provides detailed information on the calculation of grafting density for
covalently attached monolayers supported on curved surfaces using the rigid-sphere
model (Figure 1-6).

Figure 1-6: Rigid-Sphere Model - Concave and Convex Surfaces

Figure 1-6: Rigid sphere model depicted on both concave and convex surfaces. R is the radius of

curvature for the surface; r is the radius of the model sphere.

Concave Surfaces

The distance between the two point groups L is obtained as an arc of the circle:

where R is the radius of the cylindrical pore, r is the spherical radius of the grafted
molecule. For the hexagonal close-packing, the equation for the grafting density is
obtained as follows:

Convex Surfaces
The distance between the two point groups L is:

The grafting density is:

The results of the grafting density calculations using equations A and B are shown in
Figure 1-7. Calculations were performed for two pairs of concave and convex substrates
with a radius of curvature equal to 3 nm and 15 nm,respectively. The graph illustrates
relative grafting density as a function of alkyl chain length for the monolayers of

alkyldimethylsilyl groups. In general, convex surfaces with a smaller radius of curvature
reduce steric hindrance the most, while concave surfaces with a smaller radius of
curvature increase steric hindrance the most. The radius of the grafted molecules (r) for
these calculations was obtained from the molar volume of the alkyldimethylsilanes (ACD
Software, Ontario, Canada):

Figure 1-7: Rigid Sphere Model - Effects of Surface Curvature

Alkyl chain length
Figure 1-7: Rigid sphere model highlighting the effects of surface curvature on grafting density. From top
to bottom: convex surface (3 nm), convex surface (15 nm), concave surface (15 nm), and concave surface
(3 nm).

Chapter 2: A Comparative Study of Hydrophobic SBA-15 Silicas Prepared by CoCondensation and Post-Synthesis Grafting Methods

Abstract

In this study, alkyl-functionalized ordered mesoporous silicas (SBA-15 motif) were
prepared through two methods: (1) the direct ("one-pot") co-condensation of Si(OEt)4
and C,H2,+1Si(OEt)3 in the presence of P123-HCI-H20 and (2) the post-synthesis grafting
of SBA-15 with mono- and tri-functional alkylsilanes CDH2,,+lSi(CH,)2N(CH3)2and
C,H2,+ISi(OEt)3, respectively (n

=

1-18). Materials prepared were characterized by

nitrogen adsorption, TEM, chemical analysis, water contact angles (CAs), and TGA.
While loading of the alkyl groups (%C) was found to be comparable, the pore ordering
and the surface properties of the materials prepared through co-condensation and postsynthesis grafting were quite different, thus indicating substantial differences in the
structure of the materials and the distribution of functionalities throughout the samples.
The best quality alkylsilicas were prepared through the post-synthesis grafting of SBA-I5
with monofunctional alkylsilanes. The TEM and nitrogen adsorption isotherms indicated
that the pore uniformity of bare SBA-15 was preserved, and as assessed by high water
CAs (-120°/1000 advlrec) and low BET C constants (-15-25), the reaction produced
uniform hydrophobic surfaces of closely packed alkyl groups for all alkylsilanes used.
Post-synthesis grafting with tri-functional silanes also worked well, however, as
compared to monofunctional silanes, the surfaces prepared demonstrated somewhat lower
water CAs and higher BET C constants, thereby indicating a small amount of accessible
polar groups (Si-OH) on the grafted surfaces. On the other hand, the co-condensation
method produced substantially more disordered materials and less homogeneous surfaces
than any of the post-synthesis grafting methods.

According to TEM and nitrogen

adsorption, silicas with a certain degree of pore order were obtained only for the short

alkylsilanes (C1-C3), while the use of longer alkylsilanes produced disordered materials
with a substantial amount of micropores (C4-CI~),
or heterogeneous materials with phase
separation of inorganic and organo-silicon phases (C16-Cl8). The surfaces of CI-C8
alkylsilicas demonstrated not hydrophobic but hydrophilic properties, i.e. were wettable
by water (CAs 4 0 ' ) and showed high BET C constants (-100-200), indicating a nonuniform distribution of alkylsilanes and the presence of unmodified silicas. The surfaces
of C10-Cl8 alkylsilicas were hydrophobic with water advancing CAs of -100-120'.
receding CAs, however were low (-75'),

The

thus indicating heterogeneous surfaces with

accessible polar groups. The results of this work do not support the widely published
viewpoint about the potential of the co-condensation method for the preparation of
uniform surface-functionalized silicas.

It is concluded that for the preparation of

hydrophobic alkyl-functionalized ordered silicas, post-synthesis grafting is a more
efficient and more versatile approach compared to co-condensation.

Introduction
The covalent surface modification of silica through reactions involving organosilanes of
the general formula &.,Six.

(n

=

1-4) is well established. Since the first works2732.33

performed over fifty years ago, this process has been the subject of a vast amount of
r e ~ e a r c h . ~In general, this method works very well, yielding high quality surface
functionalized materials with important applications in adsorption and ~e~arations,8,~
wetting and adhesion contro~,'.~
sensors, modified electrodes, and catalysis."34 Careful
control of the reaction conditions combined with the proper selection of organosilane
enables the reproducible preparation of surfaces with different structures and organization
of grafted molecules,) the most important being: (1) covalently-attached monolayers
( R ~ S ~ X ) , ~(2)
. ) ~self-assembled monolayers ( R S ~ X ~ ) ; ~ .and
~ ' (3) oligomeric and
polymeric surfaces (R2SiX2 and R S ~ X ~ ) . ~ "

In recent literature, these methods of surface functionalization are often referred to as
post-synthesis grafting to distinguish them from the group of "direct" methods, in which
organically modified silicas are prepared through the co-condensation of RSiX3 with a
silica precursor in a "one pot" synthesis. The combination of direct synthesis with
surfactant templating opens the door to the possible synthesis of periodic mesoporous
organosilicas ( ~ ~ 0with
s )a high
~ ~ degree of order, tailored pore structure, and diverse
surface chemistry. Since this process was brought into focus in 1996,4°.41much work has
been done in the area of PMOS, which has become a rapidly growing field in the area of
materials science, for reviews see.39s4247

Utilizing non-ionic polymeric surfactants

(Pluronic 123), SBA-15 silicas with alky1>8-50~ i n ~ l , ~ adamantyl,s5
'.'~
pheny1,54.56

amino,54,57-63nitry1,54,M,65
.
c a r b o ~ ~ , 6thio1:4,70,71
'-~~
su1fonic,7~.~~
and other functionalities
have been reported.

As compared to post-synthesis grafting, the direct synthesis approach is often credited
with several advantages.

Simplicity of the preparation, high organic loads, and

homogeneous distribution of functional groups are a few noteworthy features often
regarded as superior attributes of the direct synthesis approach.39,43,44 In reality, however,
the advantages of the co-condensation approach versus post-synthesis grafting are not so
obvious. The synthesis through co-condensation may be complicated with the difficulty
of the post-reaction surfactant removal, and the poor solubility of organosilanes
(especially non-polar ones) and their incompatibility with aqueous media. While record
high loadings (up to -50-60%) may be achieved through co-condensation,68,73,74 pore
order is usually disrupted for such high organic loads, and the materials suffer from
surface heterogeneity and m i ~ r o ~ o r o s i t yIn. ~the
~ co-condensation process, the inclusion
of a fraction of organosilanes in the silica matrix is possible.75~76Although such
distribution of functionalities throughout the sample may be considered more uniform,
the surfaces of the co-condensed materials are more disordered and the functional groups
are less accessible than in analogous post-grafted materials.62.75-79

In the work presented here, the results of a systematic investigation into the synthesis of
alkyl-functionalized silicas prepared through both co-condensation and post synthesis
grafting are reported. Co-condensed silicas were prepared through the condensation of
tetraethoxysilane

(TEOS),

a

non-ionic

surfactant

template

(P123),

and

alkyltriethoxysilanes of increasing chain length (CI-CI~),while post synthesis grafting
was performed through the reactions of mono- and tri-functional alkylsilanes (C1-CI8)
with SBA-15.

The materials prepared were thoroughly characterized by nitrogen

adsorption, TEM, chemical analysis, water contact angles, and TGA.

Experimental

Materials
All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO, USA)
except

where

noted.

n-Alkyltriethoxysilanes

alkyldimethylchlorosilane (CnH2,+1Si(CH3)2Cl) n

=

(CnH2,+,Si(OEt),

and

n-

1-4, 6, 8, 10, 12, and 18 were

obtained from Gelest (Morrisville, PA) and used as received.

Synthesis of

Alkyl-functionalized

Silicas by

Co-condensation

of

TEOS and

CnH2,+~Si(0EQ3
In a typical synthesis, 4.0 g of the surfactant Pluronic PI23 [poly-ethylene-glycol-blockpolypropylene-glycol-block-polyethylene-glycol ( E O ~ ~ P O ~ O E O
was
~ Oplaced
)]
in a 250

mL pressure bottle and dissolved in 140 rnL of 1.4N HCI (aq) while the temperature of
the solution was brought up to 60°C. Once dissolution was complete, with the solution
appearing slightly cloudy, exactly 44.8 mmol (10.0 mL) of TEOS was added followed by
the addition 4.48 mmol (10 mol%) of the corresponding alkyltriethoxysilane. The time
between the addition of TEOS and the addition of alkylsilane ranged from 0 (alkylsilane
added immediately after TEOS) to 15,90, and 240 min. Upon addition of the alkylsilane,
the bottle was capped and held overnight at 60°C while stimng. The resultant mixture

was placed in an oven set to 80°C and allowed to age (without stirring) for a period of 24
hours. Once complete, the slurry solution was filtered using a medium porosity fritted
glass filter. The silica was first washed with 1N HCI (aq), followed by water, acetone,
hot toluene, and finally acetone again. A significant amount of washing was required to
remove the Pluronic PI23 from the silicas: typically, -1 L of wash solvent was required
for every gram of modified silica produced. After washing, the silica was dried overnight
under vacuum at 60°C. To test the effects of inorganic salt on the co-condensation
process, several samples were prepared using PI23 dissolved in 1.4N HC1 (aq) and 1M
NaC1. The rest of the procedure was similar to the one described above.

Post-Synthesis Grafting ofSBA-15
SBA-15 bare silica was synthesized using the original procedure described in.I6 Two
batches were used in this work: Batch 1 was aged at 110°C for 24 hours; Batch 2 was
aged at 80°C for 48 hours. For Batch 1 and 2, the surface areas (774, 559 m21g), pore
volumes (0.92, 0.79 cm31g), and pore diameters (7.8, 6.7 nrn) were in agreement with
published data.I6 Grafting of SBA-I 5 with monofunctional silanes was performed using

(N,N-dimethyl-amino)-alkyl-dimethylsilanes(CnH2,+~Si(CH3)2N(CH&). Synthesis of

(N,N-dimethyl-amino)-alkyldimethylsilanesand the reaction procedure are described
fully in previous work.80 Briefly, alkylsilane was added to the oven-dried silica (100°C
for 3 hr), so the silica was completely covered by liquid alkylsilane. The vial was then
sealed and stored at 60°C for 24 hours. After the reaction was complete, the modified
silica was thoroughly washed on a glass filter with toluene, acetone, acetone-water,
acetone again, and dried at 60°C for 3 hours.

Grafting of SBA-15 with

alkyltriethoxysilanes was performed via a different procedure using toluene solutions of
alkylsilane. In a glass vial containing -250 mg of the oven-dry silica (lOO°C for 3 hr), 5
mL of a 5% (w/w) solution of alkylhiethoxysilane in toluene was added. The vial was
sealed and stored at 70°C for 48 hours. After the reaction was complete, the modified
silica was thoroughly washed on a glass filter with toluene, acetone, acetone-water, and
acetone again before drying at 60°C for 3hours. I want to note that originally I tried
grafting of SBA-15 using neat alkyltriethoxysilanes. This procedure, however, did not
work for tri-functional silanes as well as it did for monofunctional silanes. As assessed
from the nitrogen adsorption isotherms, SBA-15 reacted with neat alkyltriethoxysilanes
demonstrated non-uniform surfaces, partial pore blockage, and substantial microporosity;
these samples are not discussed in this work.

Characterization

Carbon analysis was performed with a Perkin Elmer 2400 CHN Analyzer made by
Schwarzkopf Microanalytical Lab (Woodside, NY) using the ASTM method. Nitrogen
adsorption-desorption isotherms (77K) were measured using an ASAP 2020 analyzer
(Micromeritics, Norcross, GA, USA) and using an Autosorb-1 analyzer (Quantachrome
Instruments, Boynton Beach, FL, USA). The adsorption isotherms were measured over a
relative pressure plp, range extending from 10" to 0.995. Desorption isotherms were
measured over a relative pressure range from 0.995 to 0.2-0.3 respectively. Prior to
analysis, the materials were degassed at 100°C overnight using the out-gassing port of the
instrument. A relatively low outgassing temperature was chosen to avoid degradation of
~ ) calculated via the Brunauerthe alkyl chains bound to silica. The surface area ( S B ~was

Emmett-Teller (BET) method in the range of relative pressure from 0.06 to 0.20. The
cumulative volume of the pores (VPORE)was determined from adsorption at 0.98 plp,.
The micropore volume was determined using the t-plot method using software provided
by the instrument's vendor. The pore size distribution and average pore diameter (DPORE)
was calculated with the Barnett-Joyner-Halenda (BJH) algorithm using the adsorption
branch of the adsorption-desorption hysteresis. Thermal analysis of the modified silicas
was performed in air and in nitrogen using a TA Instruments Hi-Res 2950
Thermogravimetric Analyzer using a heating rate of 1O°C/min.

Wettability of alkylsilicas was assessed through dynamic water contact angles. The
advancing and receding water contact angles were measured using -7-10 mm diameter
pellets of pressed alkylsilicas with a Rame-Hart contact angle goniometer equipped with
a Motic digital camera. The probe fluid (RO purified water) was addedlwithdrawn
totfrom the samples using a Gilmont syringe. The images of the advancinglreceding
drops were recorded, and the corresponding contact angles were determined using the
Motic software. Three to four measurements were taken and the average result was
reported.

It is noted that several alkylsilicas prepared in this work demonstrated

superhydrophobic behavior: the advancing and receding contact angles were exceeding
-1.50'.

For these surfaces, drops of water were not stable and easily rolled off or

detached, making accurate contact angle measurements difficult.

Results and Discussion

This work systematically investigated the preparation and resulting properties of
hydrophobic ordered mesoporous silicas with the SBA-15 motif. The primary purpose of
this study was to compare and evaluate two distinctly different approaches to
synthesizing ordered surface functionalized silicas: (1) the co-condensation method
(direct "one-pot" synthesis) and (2) the two-step post-synthesis grafting method.
Schematically, each method of preparation is shown in Figure 2-1.

In the co-

condensation method, the alkylsilicas were prepared through the hydrolytic polycondensation of TEOS and CnH2,+jSi(OEt)3(n

=

1-18) in the presence of the polymeric

template P h o n i c P123. The reactions were carried out using different pre-hydrolysis
times for TEOS (0-240 min), while the molar ratio of TEOS to alkylsilane was kept
constant at 9:l. The post-synthesis gralling of SBA-15 was performed by way of two
and (ii)
techniques: (i) reactions with monofunctional silanes (C,H2n+~Si(CH3)2N(CH3)2)
reactions with tri-functional silanes (C,HZ,+IS~(OE~)~).
Although the use of tri-functional
silanes allows for direct comparison of the post-synthesis silanization method with that of
the co-condensation method, it is noted that the reaction of tri-functional silanes with
silica is sensitive to the reaction conditions, including nature of solvent, concentration of
silane, reaction temperature, and presence of water in the system.4,36,37,81,82 For the
reaction of tri-functional silanes with smooth surfaces (Si wafers), this process (selfassembly) is well u n d e r s t ~ o d ; ~the
~ , ~use
' of tri-functional silanes with dispersed and
porous surfaces may be complicated due to cross-linking of alkylsilanes in solution,
which may lead to multilayer deposition, non-uniform surface coverage, and pore
blocking. The use of monofunctional silanes on the other hand, is free from many of

these problems; arguably, it is the most reproducible and the most efficient method for
the post-synthesis grafting of porous silicas. To gain a clearer understanding of the
differences related to the porous structure, structural ordering, amount of incorporated
alkyl groups and the uniformity of their distribution, surface hydrophobicity, and thermal
stability, all alkylsilicas prepared within this investigation were thoroughly characterized
by nitrogen adsorption, TEM, water contact angles, chemical analysis, and TGA.

Figure 2-1: Co-Condensation versus Post-Synthesis Grafting
I. Method of co-condensation (direct synthesis):

11. Two methods of post-synthesis grafling:

w\

Bare silica

Figure 2-1: Schematics of the methods of preparation of mesoporous ordered alkyl silicas.

Porous Structure

The porous structure of the materials prepared was characterized through the use of
nitrogen adsorption-desorption isotherms. Figure 2-2 presents overlays of the adsorption
isotherms of alkylsilicas prepared by post-synthesis grafting. Figure 2-3 depicts plots of
total pore volume, surface area, and pore size as a function of the alkylsilane chain used
for the preparation of the alkylsilicas. TEM images and nitrogen adsorption isotherms of
alkylsilicas prepared by co-condensation are presented in Figures 2-4 and 2-5,
respectively. A complete set of structure parameters for all the alkylsilicas prepared is
provided in Tables 2-2 and 2-3 in Addendum B.

Before discussion of the results, I would like to comment on the analysis of the pore
volume and the surface area data for silicas modified with organosilanes. In modified
silicas, the weight of the sample comes from both the weight of the organic groups (in
this case alkylsilanes) and the silica itself. The contribution from the alkylsilane can vary
quite a bit depending on the loading of organic groups and their respective molecular
weights. In order to account for these differences, mass specific parameters like pore
volume and surface area must be corrected to one gram of silica. The correction factor

= msc$s,02

+ moT',nzc

can be obtained from the chemical analysis (%C) or TGA

weight loss of the modified silicas. Unfortunately, this correction has not been widely
adopted in the literature, and reported pore volumes and surface areas of modified silicas
are typically reported as per gram of sample, not per gram of silica.

For bare SBA-15 silica, the adsorption isotherms were Type IV with a H1 hysteresis loop
due to the capillary condensation of nitrogen.26 The adsorption and desorption branches
of the hysteresis loop were steep and nearly parallel, indicating uniform pores with a
narrow pore size distribution; Figure 2-2. The isotherms for SBA-15 grafted with
monofunctional and tri-functional silanes also exhibited Type IV isotherms with a H1
hysteresis loop, demonstrating that the mesoporous structure of the parental SBA was
preserved; Figure 2-2. The only notable difference was for that of SBA-15 grafted with
octadecylsilane (C18); the hysteresis loop was more of the H2 type, indicating a less
uniform pore structure and a wider pore size distribution than that of the C,-Cs SBAs.
This difference was attributed to large grafted groups, as conformational changes of alkyl
groups whose size approaches the pore dimensions of the underlying silica (length of a
fully stretched C!8 chain is -2.5 nm)can lead to a decrease in pore uniformity.

Figure 2-2: Post-Synthesis Grafting of SBA-15 (Adsorption Isotherms)

Figure 2-2: Nitrogen adsorption-desorption isotherms (77K) and pore size distributions for alkylsiiicas

prepared by post-synthesis grafting of SBA-15 with C0H2.+,Si(OEt),. Bare SBA (0);SBA-Cl (m); SBA-Cs
(A); SBA-CIS( 0 ) .

The pore volume, specific surface area, and average pore diameter of the modified SBA-

15 silicas decreased gradually as the size of the alkylsilane increased; Figure 2-3.
Changes in the pore structure parameters were consistent with the uniform attachment of
a single layer of alkylsilane in the pores.

This was demonstrated through the

determination of the molar volumes of the grafted groups and the thickness of grafted
layers in the pores. The molar volumes of the grafted groups (V,) were calculated from
the changes in the pore volumes due to post-synthesis grafting as follows:

where n, is the molar amount of grafted groups per gram of silica (determined from
chemical analysis). Eq.1 does not use BET surface area or any other model dependent
parameter, thereby presenting a dependable method for the determination of molar
volumes of grafted groups.

Figure 2-3: Surface Characteristics of Alkylsilicas Prepared through Post-Synthesis
Grafting and Co-Condensation

Figure 2-3: BET surface area, pore volume, and pore diameter of alkylsilicas prepared through post-

synthesis grafting of SBA-I5 with C.H2.+1Si(CH,)2N(CH3)2 (*) and the co-condensation of TEOSC.H,.+lSi(OEt),-P123

( 0 , no

pre-hydrolysis; A, 240min pre-hydrolysis).

The results of V, calculations using Eq. 1 are summarized in Table 2- 1. Molar volumes
of grafted groups were compared with the molar volumes of liquid siloxanes of similar
structure. Alkyl-(dimethyl)-di-siloxanes were used for alkyldimethylsilyl groups and T8
alkylsilsesquioxanes were used for alkyltrisiloxy groups. For the majority of samples, the

V, values of the grafted groups demonstrated close agreement (-10-20%) with the V,
obtained from the liquid density, thereby indicating uniform coverage of the pore
surfaces with grafted groups and the absence of pore blocking.

As noted in the

experimental section, pore blocking was initially observed for the preparation of
alkylsilicas using neat triethoxysilanes; however, the use of a 5% solution of
triethoxysilanes in toluene yielded uniform coverage with no evidence of pore blocking.
Average thickness of grafted layers was calculated as follows:

where S.WA was the surface area of bare SBA-15. Alternatively, thickness was calculated
from the shift in the average pore size due to surface modification:

The results of the calculations are also shown in Table 2-1. Although some discrepancy
between the two sets of the thickness values was noted (-25-30%), the agreement is
considered satisfactory given the model dependence of the data used for these
calculations (BET and BJH). It is also noted that these thickness values obtained through

Eqs.2 and 3 for the SBA-15 grafted with monofunctional silanes were lower by -20%;
for SBA-15 grafted with tri-functional silanes they were lower by -50% when compared
to the values reported for monolayers of the corresponding alkylsilanes grafted onto
smooth substrates, e.g. Si wafers?'4 The decrease in thickness was attributed to the effect
of the substrate curvature, namely more steric constraints of molecular packing in the
pores as compared to the flat surfaces.

Table 2-1: Molar Volume and Thickness of Alkylsilane Groups on SBA-15 Silica
Modified with Mono- and Tri-Functional Silanes through Post-Synthesis Grafting

Grafting

Thickness (nm)

Molar Volume of Grafted Group
(A3/~oiecuie)

Density
Grafted Group

(nm")

-OSi(CH3),

I

Eq. 1

From Liq.

ensi it^^

ACD"~.

2

Eq. 3

Ellipsometry*

2.8

141

176

179

0.32

0.20

0.35

2.2

218

273

262

0.38

0.45

0.47

1.2

648

n/a

540

0.82

1.15

2.01

I

For monofunctional silanes (SBA-15 Batch 1,3.9 nm RWW) - as 112 of Vm of alkyldimethyl-disiloxanes (R(CH3)2Si),0. For mi-functional silanes (SBA-15 Batch 2,3.4 nm RPORE)- as 118 of

V, of T8 silsesquioxanes (RSiOl.&.

' Calculated by ACD Lab s o h a r e . *

Determined for monolayers supported on Si wafers3

In addition, the TEM of the grafted SBA-15 demonstrated uniform ordered pore
structures and showed virtually no change as compared to bare SBA, thereby confirming
a preservation of the pore structure of the parental SBA-15 material (Figure 2-4, Top Left
Image).

Figure 2-4: TEM Images of SBA-15

Figure 2-4: TEM images of bare SBA-15 (top left; scale bar: 50 run), and alkylsilicas prepared through

co-condensation of TEOS and CH,Si(OEt), (top right; scale bar: 100 MI), and TEOS-ClsH37Si(OEt)3
(bottom; scale bar: 200 nm).

As compared to the post-synthesis silanization of SBA-15, the alkylsilicas prepared
through the co-condensation method demonstrated a substantially more disordered pore
structure. As assessed fiom the adsorption isotherms (Figure 2-5), the size of the
alkylsilane had a dramatic effect on the structure and pore uniformity of the materials
prepared; surface area, pore volume, and pore diameter are shown in Figure 2-3. For
alkylsilicas obtained from short (CI-C3) alkylsilanes, the isotherms were Type IV with
capillary condensation occurring at plpo -0.65-0.75, thereby indicating mesoporous
materials. The average pore size increased from 7.8 nm (bare SBA-15) to 8.8 nm for CI
before decreasing to 7.4 nm and 5.4 nm for Cz and C3 silicas, respectively.

The

adsorption hysteresis, however, demonstrated significant tailing at low and high relative
pressures, indicating the loss of pore uniformity. This was attributed to constrictions in
the mesopores, or the formation of small-size mesopores andlor micropores. It is noted
that while micropores were practically absent in the post-synthesis modified SBA-15
material, substantial microporosity was observed for all alkylsilicas prepared through the
co-condensation method. For CI-C3 silicas, the micropore volume was in the range of
0.07-0.12 cm31g, which was -8 and -17% of the total pore volume, respectively. For CqCs silicas, the shape of the isotherms gradually changed from Type IV to Type I, with the
microporous character of the materials becoming more dominant as the size of the
alkylsilane increased. The adsorption-desorption hysteresis (area of the loop) decreased
and was barely present for C8 silicas. The total pore volume decreased to -0.2 cm3/g,
nearly 40% of which was due to micropores. For C I O - Csilicas,
~ ~ the total pore volume
was still low at -0.24 cm31g,but the adsorption isotherms showed appreciable adsorptiondesorption hysteresis above -0.4 plpo, indicating the development of mesopores. The

hysteresis loop was of triangular shape, with no distinct steps on the adsorption branch;
this is indicative of an extremely non-uniform pore system without any dominant pore
size. The desorption branch of the curve was nearly parallel to the pressure axis with a
sharp drop at plp, -0.4-0.45, which corresponds to the lower limit of nitrogen adsorption
at 7 7 ~ For
. ~the~CIZ-CI8silicas, the area of the adsorption hysteresis increased, and the
loops exhibited two inflections on the adsorption branch. The first inflection at plpo
-0.75 corresponded to the mesopores, with a dominant size of -7-8 nm; the second
inflection at plpo >0.9 indicated the presence of larger intra- andlor inter-particle pores
and voids. The desorption branch did not follow the adsorption branch from nearly the
saturation pressure, and demonstrated a sharp decline at p/po -0.4-0.45.

This type of

hysteresis loop has been reported for collapsed lamellar MCM-41 materialss3 in addition
to MCM-41 silicas with partially blocked pores and extensive void

defect^.^^.^^

Figure 2-5: Co-Condensation (Adsorption Isotherms)
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Figure 2-5: Nitrogen adsorption-desorption isotherms (77K)and pore size distributions for alkyl silicas

prepared through the co-condensation of TEOS-C.H2,,+ISi(OEt)3in the presence of P123. Bare SBA ( 0 ) ;

c,(.);

C8 (a);

c,, (A).

The TEM images of the CI-C, silicas showed a high degree of ordering, with a hexagonal
pattern of pores similar to that of bare SBA-15 (Figure 2-4, Top Right Image). No
ordered structures were observed for the C&IO silicas; the TEM images demonstrated
irregular, submicron size particles of silica (higher contrast) coated with a lower contrast
material (supposedly cross-linked organosiloxane). For the c~!-C18 silicas, the picture
was exceedingly more complex, as the images showed a heterogeneous composite
material with several structural motifs, including domains of ordered materials. The
ordered material demonstrated a hexagonal organization of pores with a lattice parameter
of -l2.6+0.7 nm and a pore size of -6S+O.8 nm,which was in good agreement with bare
SBA-15. In some TEM images, the ordered patches were clearly separated from the rest

of the sample (Figure 2-4, Bottom Image). In order to determine the location of alkyl
groups and their role in the formation of the porous structure, samples were subjected to
calcination at 800°C, a temperature high enough to ensure complete removal of all alkyl
groups. Only in the case of the CI-C, silicas did calcination result in substantial changes
to the pore structure and the overall behavior of the adsorption isotherms, specifically in
the adsorption hysteresis (Figure 2-6).

Figure 2-6: Calcinated Co-Condensed Alkylsilicas (Adsorption Isotherms)

Figure 2-6: Nitrogen adsorption-desorption isotherms (77K) for calcinated alkylsilicas prepared by cocondensation with C&,,+,Si(OEt),.. Cl (m); Calcinated C, (o, y-axis shift: 10 units); Cg (A, y-axis shift: 27
units); Calcinated Cg(A, y-axis shift: 30 units); C,, (a, y-axis shift: 36 units); Calcinated C,, ( 0 , y-axis
shift: 40 units).

Although changes in the hysteresis were complex and did not allow for unambiguous
interpretation, they clearly demonstrated that the removal of alkyl groups resulted in
substantial changes to the porous structure. Surprisingly, this was not observed for ClzCI8silicas. The shape and the position of the adsorption hysteresis hardly changed after
calcination, thereby indicating that the organic groups played little (if any) role in the
porous structure of the alkylsilicas; pore volume and surface area also did not show any
appreciable changes due to calcination. TEM images of the Cis silica, taken after
calcination (Figure 2-7), demonstrated a high contrast open-network structure with
uniform and parallel pores, where the size and spacing of these pores closely matched
those observed in the high order patches of the un-calcinated material.

These

observations suggested that the co-condensation of TEOS and alkylsilanes larger than
-C12 gave significant phase separation, yielding micro-heterogeneous materials that
consisted of patches of cross-linked alkylsilane-rich domains combined with silica-rich
domains that have a SBA-15 like structure. The pore volume and surface area of these
samples were largely determined by the silica domains.

Figure 2-7: TEM of Co-Condensed Silica Post Calcination

Figure 2-7: TEM images of co-condensed C18silica obtained after calcination (scale bars: 200 nm,lei?
image; 2000 nm, right image).

In an attempt to improve the overall quality of the alkylsilicas in addition to increasing
homogeneity in the distribution of alkylsilanes, the co-condensation reactions were
carried out either using pre-hydrolyzed solutions of TEOS or by adding inorganic salts
(NaC1) to the reactions as described in works.52.70.86-89

It was found that the pre-

hydrolysis of TEOS and the addition of inorganic salts clearly affected the pore structure
of the alkylsilicas, as their surface area, pore volume, and pore diameter showed
appreciable changes; Figure 2-8. Although these effects were notable, no simple trends
were observed. For example, the surface area and the pore volume of CI-C4 alkylsilicas
displayed minima for pre-hydrolysis times of 15 min, while for Ca-silicas, these
parameters displayed maxima. Figure 2-9 presents the evolution of nitrogen adsorption
isotherms for CI silicas prepared under different conditions. As shown by the position of

the adsorption hysteresis, all of the samples were mesoporous with a substantial amount
of tailing in the curve, which was indicative of pore restrictions and the presence of small
connecting pores.

Based on the shape of the adsorption hysteresis, there was no

substantial improvement in the pore uniformity due to either the pre-hydrolysis of TEOS
or the addition of inorganic salts. It is noted that these findings do not support the
conclusion of the following works, where substantial improvement of pore uniformity has
been reported as a function of pre-hydrolysis

or through the addition of

inorganic salts.52.88.89 These differences are attributed to the nature of the silanes used for
the co-condensation reaction, as the authors of works52,70,86-89 focused solely on polar
silanes, while silanes used in this work were non-polar.

Figure 2-8: Surface Characteristics of Alkylsilicas Prepared through CoCondensation (Pre-Hydrolysis and Salt Effects)
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Figure 2-8: BET surface area, pore volume, and pore diameter of the alkylsilicas prepared through the cocondensation of TEOS-C.H2.+~Si(OEt)f1123 with different pre-hydrolysis times of TEOS. No-prehydrolysis (0);1Smin ( 0 ) ;90min ( 0 ) ; 240min pre-hydrolysis (a);in the presence of IM NaCl (m).

While adjusting the pre-hydrolysis time from 0 to 90 rnin showed a limited effect,
increasing the pre-hydrolysis time to 240 min had a dramatic effect on the composition
(see next section) and the structure of the co-condensed silicas. As evidenced by the

TEM images, running the co-condensation reaction with such a long pre-hydrolysis time
resulted in phase separation even for short chained alkylsilanes. The surface area and the

pore volume of these samples were close to that of bare SBA-15 and showed very little
variation with regards to the size of alkylsilane, thus supporting the conclusion that the
alkylsilane was largely excluded from the co-condensation reaction. It is believed that
after 240 min of pre-hydrolysis, the structure of silica was largely formed and cocondensation was not possible upon later addition of alkylsilanes.

Figure 2-9: Adsorption Isotherms of Methyl Silicas Prepared through the CoCondensation Process

Figure 2-9: Nitrogen adsorption-desorption isotherms (77K) for methyl silicas prepared through the cocondensation of TEOS-CH3Si(OEt),-PI23 with different pre- hydrolysis times of TEOS.
hydrolysis

(0);

No pre-

ISmin (0,y axis shift: 17 units); 90min ( 0 , y axis shift: 22 units); 240min pre-hydrolysis

(A, y axis shift: 30 units); in the presence of 1M NaCI (m, y axis shift: 12 units).

Carbon Loading and Ordering of Alkyl Groups
The number of alkylsilane groups in the alkylsilicas prepared throughout the course of
this study was determined by chemical analysis (%C,H). A comparison of carbon
loading with respect to the length of the alkylsilane used in the synthesis is presented in
Figure 2-10.

For the post-synthesis modification of SBA-15 with monofunctional

alkylsilanes, carbon loading is unambiguously related to the grafting density p
(molecules/nm2), thus providing information about the molecular packing and the degree
of surface coverage. The grafting density was obtained as follows:

where MW is the mc

liar weight of the alkylsilane group, nc is the number of carbon

atoms in the alkylsilane, Sw is the BET surface area of bare SBA-15, and %C is the
carbon weight percent. For SBA-15 reacted with trimethylsilane (TMS), the smallest trialkylsilane group that can be placed on the surface, the grafting density was 2.81 TMS
groups/nm2 (0.35 nm2 per TMS). This value was consistent with the closest reported
packing of TMS groups on the surface of silica.'2s35 Increasing the length of the
alkylsilane chain led to a gradual decrease in the observed grafting densities: 2.4
groups/nm2 for Cq, 2.1

for Cg, and 1.7 groups/nm2 for Cjg.

This was

attributed to steric constraints associated with the packing of long alkyl groups on the
highly curved surfaces of the pores.80 Despite this slight decrease, the grafting density
values were still quite high and subsequently indicative of densely packed surfaces of
grafted alkyldimethylsilane groups. The use of tri-functional silanes for the grafting of

SBA-15 produced alkylsilicas with carbon loadings close to that of the monofunctional
silanes (as shown in Figure 2-10), however due to the possible cross-linking and
oligomeric deposition this data alone cannot be used to make any definitive conclusions
regarding the true packing density of the groups present on the surface of silica.

Figure 2-10: Carbon Loading in the Alkylsilicas
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Figure 2-10:

Carbon loading in alkylsilicas prepared though the co-condensation of TEOS-

C.H2.+,Si(OEt)l-P123 with different pre-hydrolysis times (o, no pre-hydrolysis; 0, 15rnin; o, 90min).
Solid symbols show the data for the post-synthesis silanization of SBA-15 with C.H2.+ISi(CH3)2N(CH1)2
(m) and C.H2,+~Si(OEt),(A). The line corresponds to the compound (C.H2.+ISi01,2)-(Si02)8.
The circled

area indicates the co-condensed silicas with significant phase separation of organic and inorganic domains
as assessed by TEM.

Similarly, for alkylsilicas prepared through the co-condensation process, carbon loading
alone cannot provide information about the molecular packing; it can only be used as a

macroscopic composition parameter.

The results obtained for the co-condensation

synthesis showed that the composition of these alkylsilicas were close to that of
(C,Hzn+lSi0,12)-(Si02)8(as shown by the solid line in Figure 2-10). With the exception
of the short alkylsilanes (C1-C3), this composition was not affected by the size of the
alkylsilane, and it was somewhat different than that of the feeding ratio of 9:l TEOS 1
Alkylsilane. For CI-Cj silicas, the carbon loads suggested a higher molar fraction of
alkylsilanes (up to 0.25). It is believed that this high carbon load was attributed to
residual P123, which was very difficult to remove completely from the co-condensed
silicas, especially for the relatively hydrophilic samples derived from the short-chained
alkylsilanes. Changing the pre-hydrolysis time from 0 to 90 min did not show any
appreciable effect on the carbon loads, while changing the pre-hydrolysis time to 240 min
showed a rather strong effect for the C1&18 silanes. For these samples, the measured
carbon loading was nearly half of what was obtained when compared to material
prepared using shorter pre-hydrolysis times (Table 2-3 in Addendum B).

Overall, based on the chemical analysis, nitrogen adsorption data, and TEM
characterization, it is concluded that the co-condensation method does not offer any
advantages over the post-synthesis silanization method in terms of alkyl group loading.
If the comparison between the two methods is limited to materials that exhibit ordered
pore structure, the post-synthesis grafting gave higher carbon loads than the cocondensation method. To provide further insight into the distribution and organization of
hydrophobic groups throughout the samples, surface properties of the alkyl silicas were
examined next.

Surface Properties
Surface properties of the alkylsilicas prepared in this work were characterized by two
methods: (1) water contact angles and (2) C constants of the BET equation for the
adsorption of nitrogen. Water contact angles were obtained using pressed pellets, and
therefore primarily characterized the hydrophobicity of the external surfaces.

The

advancing water contact angles are plotted in Figure 2-1 1, with representative images of
the water drops on different alkylsilica surfaces presented in Figure 2-12. Out of all the
surfaces studied, the SBA-15 silicas modified through post-synthesis grafting with
monofunctional silanes demonstrated the best quality hydrophobic surfaces, with
advancing and receding water contact angles well above 90' for all alkylsilanes used. For
the surfaces prepared from CI-Cg silanes, the contact angles were in the range of
-125'11 10' (advtrec). Such high contact angle values accompanied with relatively low
contact angle hysteresis (difference between advancing and receding angles) indicates
uniform hydrophobic surfaces of alkyl groups3 with no hydrophilic silanol groups
available for water. It is noted that the water contact angles for the SBA-15 pressed
powders were somewhat higher (-5-10") than the corresponding monolayers of
alkyldimethylsilanes grafted to smooth (Si-wafers) subst~ates.~This difference was
attributed to the roughness of the surfaces formed by the SBA-15 particles (particle size
of -0.5-1.5 ym).

The effect of surface roughness was particularly remarkable for

surfaces of SBA-15 modified with the long-chained alkylsilanes (CI2-Cl8). These
surfaces demonstrated superhydrophobic properties:0

with both advancing and receding

contact angles of water being in the range of 150-170". Drops of water on such surfaces
showed a nearly spherical shape (Figure 2-12), moved freely, and easily rolled off the

surface.

To the best of my knowledge, there are no previous reports on the

superhydrophobic behavior of alkylsilane-modified SBA-15.

In the l i t e r a t ~ r e ~ ~ . ~ '

superhydrophobic behavior has been reported for a variety of rough and patterned
surfaces, with dimensions of these surface features ranging from nm to microns. I
speculate that the super-hydrophobicity of the SBA-15 materials is attributed to the
combination of multiple scale surface roughness (from several nanometers for the
ordered pores up to microns for the particles themselves) and inherent hydrophobicity of
the alkyldimethylsilane surfaces.

Figure 2-11: Advancing Water Contact Angles
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Figure 2-11: Advancing water contact angles for pressed pellets of akyl silicas prepared through co-

condensation of TEOS-C.H2.+,Si(OEt),-P123( 0 ) and through post-synthesis modification of the SBA-15
with C.Hzn+,Si(OEt),(A) and CnH2.+,Si(CH3),N(CH,), (D).

Figure 2-12: Images of Water Drops on Alkylsilicas

Figure 2-12:

Images of water drops in contact with pressed pellets of alkylsilicas prepared by co-

condensation of TEOS-C,H2.+1Si(OEt),-P123
(left column), post-synthesis modification of SBA-15 with
C.H2.+,Si(OEt), (center), and post-synthesis modification of SBA-15 with C.H2.+lSi(CH,)2N(CH,)2 (right).
Top row - alkyl groups CI, middle - Cs,bottom - CIS.

The post-synthesis grafting of SBA-15 with alkyltriethoxysilanes produced fairly
hydrophobic surfaces, however the contact angles were markedly lower than that of the
corresponding surfaces of alkyldimethyl modified SBA-15 (Figure 2-1 1). The difference
was particularly notable for short and medium-size alkyltriethoxysilanes (C,-Cs),
indicating a non-uniform hydrophobic coverage with accessible polar groups (Si-OH).
Although the grafting of Clz and CIS triethoxysilanes produced uniform hydrophobic
surfaces with high water contact angles (-120-130°/-1 10' advtrec), no superhydrophobic

behavior was observed. On the other hand, surfaces of alkylsilicas prepared by the cocondensation method demonstrated rather poor hydrophobicity as assessed by low water
contact angles. The surfaces prepared from C1-C6 silanes were not hydrophobic at all,
silanes,
and water drops were readily absorbed by the samples (Figure 2-12). For CIZ-CIX
the hydrophobicity improved with the advancing contact angles being as high as -120".
On the other hand, the receding contact angles remained below 90°, indicating
heterogeneous hydrophilic-hydrophobic surfaces with plenty of residual polar groups
available to water (Si-OH).

The results of the water contact angle study were corroborated by the BET C constants
(see Addendum B), which assess adsorption energy (AH =RT,lnC), surface polarity, and
energetics?6 Although rigorous interpretation of the C constant combined with its use for
the determination of surface energies has fundamental limitations (primarily due to the
approximate nature of the BET model), this simplistic qualitative approach works quite
well: the lower the C constant value, the lower the average surface energy.

For

hydroxylated bare SBA-15 silica, C constants were -100-150, indicating high-energy,
polar surfaces of Si-OH gro~ps.26,2x The C constants of SBA-15 grafted with
alkyldimethylsilanes were in the range of 15-25, demonstrating non-polar, low-energy
organic surfaces of closely packed alkyl groups?x~3'

SBA-15 grafted with

alkyltriethoxysilanes showed C constants of -40-60, which was attributed to hydrophobic
surfaces with accessible polar groups (residual Si-OH from the silica and newly formed
Si-OH from the incomplete condensation of tri-functional silanes). Similar values of the

C constant (-60) were observed for alkylsilicas prepared through the co-condensation of

C12-C18 silanes. The rest of the alkylsilicas prepared through the co-condensation method
contained a substantial amount of micropores. For the microporous samples, the BET
equation failed, and therefore no meaningful C constant data could be extracted.

The results of this section demonstrated remarkable differences in the surface properties
of the materials prepared by different methods. The post-synthesis grafting method
yielded high quality hydrophobic surfaces with uniform alkyl group coverage both inside
and outside the pores. The least hydrophobic (for the comparable carbon loads) materials
were obtained through the co-condensation method. These materials were characterized
by non-uniform coverage with plenty of polar groups available to the probe molecules.

Thermal Stability

Thermal properties of the alkylsilicas were assessed through thermogravimetric analysis
(TGA), with each sample being gradually heated to 800°C under an atmosphere of
nitrogen. For all alkylsilicas, the first significant weight loss occurred below 10O0C, and
was attributed to desorption of the weakly bound surface water. The extent of this weight
loss correlated with the hydrophobicity of the material (as assessed by water contact
angles). At temperatures greater than 20OoC, the weight loss was attributed to the thermal
destruction of the organic moieties in alkylsilicas. The temperature of the onset of the
weight loss and the temperature of the maximum rate of the weight loss TMA,y(DTGA)
were characteristic of the method of preparation of alkylsilicas. I found that the weight
loss in the 200-600°C region was proportional to the carbon percent in the sample

( %C = 0.85 x [%WeightLoss(200- 600" C)] ), i.e. similar to amorphous silicas grafted

with alkyldimethylsilanes.92

For SBA-15 silicas grafted with monofunctional silanes, the weight loss below 100°C
was small (<2%), indicating uniform hydrophobic surfaces with an insignificant amount
of adsorbed water. At high temperatures, the weight loss occurred in two uneven stages,
with the TMAXof the main process at -300°C and the TMAXof the secondary process at
-500°C; Figure 2-13). Similar to TGA patterns observed in work,92 the process with
TMAX
-250-300°C was attributed to the weight loss due to destruction of the hydrocarbon
chain (scission of C-C bonds). The process with TMAX-450-500°C was attributed to
weight loss due to destruction of the dimethylsilane groups (Si-C bonds). As the size of
the alkylsilane increased, the contribution of the 300°C process in the total weight loss
increased, while the weight loss at 500°C remained nearly constant (-4-6%) in
consistency with the structure of alkyldimethyl groups.

For SBA-15 grafted with

alkyltriethoxysilanes, the weight loss above 200°C also occurred in two stages with the
T

M at ~-300°C and -500°C.

In this case, however, the contribution of the high

temperature process in the total weight loss was greater. The weight loss at 300°C as
well as at 500°C increased with the size of the alkylsilane chain. These two processes
were attributed to strongly and weakly bound alkyltriethoxysilanes on silica.

The

strongly bound species were likely cross-linked andlor bound to the underlying silica
through multiple Si-0-Si bonds, thus resulting in greater stability and higher TMAX
values. To support this assignment, highly cross-linked alkylsilanes obtained through the
hydrolytic condensation of pure alkyltriethoxysilanes demonstrated a single feature

weight loss with a single TMAXof SOO°C (Figure 2-13). Weakly bound species were
likely bound through a single Si-0-Si bond, thus resulting in lower TMAXvalues at
-300°C, similar to single bound alkyldimethylsilanes. Based on the weight loss for the

high and the low-temperature processes, the ratio of the strongly and weakly bound
alkylsiloxanes was estimated at 3 : l .

Figure 2-13: TGA Analysis of Alkylsilicas

Figure 2-13: TGA Analysis of Alkylsilicas Continued...
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Figure 2-13: Thermogravimetric analysis of alkyl silicas prepared through post-synthesis grafting (closed
symbols) and co-condensation (open symbols). C4(m), Cs(*), C,, (a), C18with no TEOS and PI23 (+).

Alkylsilicas synthesized through the co-condensation method demonstrated a -5-10%
weight loss due to the desorption of surface water. Such an amount of surface water was
comparable to that of bare silica and provided further evidence of poor hydrophobicity of
these surfaces and availability of surface silanols. At high temperatures, the alkylsilicas
exhibited a two-stage weight loss with a TMAXof -500°C for the main process and a
TMAXof -300°C for the secondary process (Figure 2-13).

Similar to the SBA-15

modified with alkyltriethoxysilanes, these weight loss features were attributed to a
mixture of both strongly and weakly bound alkylsilanes. Taking into account that the
samples obtained through the co-condensation of long chained alkylsilanes demonstrated
severe phase separation, strongly bound species were likely from the cross-linked

alkylsilane phase.

Adjusting the pre-hydrolysis time of TEOS did not have any

noticeable effect on the overall behavior of the TGA curve and the TMAX
values.

Conclusion
Often regarded as being an alternative to the post-synthesis grafting method of
preparation of functionalized PMOS, the co-condensation process has gained much
attention over the past decade. Credited on its simplicity, shortened preparation times,
homogeneous distribution of functional groups, open pore volumes, and improved
stability, co-condensation appears at first to be the better alternative. However, the
results of this work do not support this viewpoint. Below, an analysis of the postsynthesis grafting and the co-condensation methods for the preparation of alkyl
functionalized silicas with the SBA-15 motif is made on a line-by-line basis.

( I ) Simplicity, Time, and Versatility of Synthesis:

As both methods utilize similar

reactants and experimental setups, with the only difference being the timeframe of
addition, it is difficult to regard one method as being simpler than the other. However,
the time required to prepare alkyl functionalized silica by each of the two methods is
indeed different.

Based on experience, the total time required to synthesize

functionalized silica via the co-condensation method is approximately 48 hours,
compared to 72 hours for post-synthesis grafting. However, it is important to note that
the required 72 hours for post-synthesis grafting includes the synthesis of the bare SBA15 material. Having this material available, the time required to prepare functionalized
silica decreases three-fold to approximately 24 hours.

This advantage becomes

particularly notable when preparing a series of alkyl functionalized silicas using
homologous alkylsilanes (e.g. Cl-Cis). In this case, the time for the preparation of bare
SBA-15 silica was distributed evenly between all the samples, so for the preparation of a
series of alkyl silicas (2-3 or more), the post-synthesis grafting method was actually less
time consuming than the co-condensation method. It is also important to note that the cocondensation synthesis was often complicated due to the prolonged washing required to
remove the residual PI23 template, thus significantly extending the preparation time. In
this work, post-synthesis grafting was performed using mono- and tri-functional silanes.
In principle, both methods produced high quality alkyl functionalized SBA-15 silicas
with comparable properties. The use of tri-functional silanes, however is potentially
more complicated and sensitive to the reaction conditions due to possible cross-linking of
silanes in solution, polymeric deposition, and pore blockage. Therefore, monofunctional
silanes are a better choice.

The reactions of monofunctional silanes were highly

reproducible, robust and versatile, and the same reaction procedure worked well for the
whole range of alkylsilanes (CI-CIS). On the other hand, the co-condensation method
was quite sensitive to the length of alkylsilane. The reaction conditions needed to be
adjusted (TEOS pre-hydrolysis time, TEOS to silane ratio etc.) to account for the
differences in solubility, rates of hydrolysis, and interactions with surfactant for different
organosilanes.

(2) Pore Structure: In the post-synthesis grafting, the pore uniformity of bare SBA-15
silica was preserved. For all of the alkylsilicas, the pores were in the mesoporous range
and the reduction in the pore size (from the pore size of bare SBA-15) was consistent

with the attachment of the single layer of alkylsilanes on the surface of the pores. The
small amount of micropores present in the bare SBA-15 was not present in the
functionalized silicas due to blocking by grafted molecules. In the co-condensation
method, uniform mesopores were observed only for the smaller alkylsilanes (CI-C3). The
use of long-chained alkylsilanes resulted in microporous materials (-C6-Cs) or composite
heterogeneous materials (C12C18).

Surface areas and total pore volumes were

comparable for both groups of alkyl silicas of similar alkyl chain length. All of the cocondensation materials however demonstrated a substantial amount of micropores (up to
40% of the total pore volume).

(3) Functional Group Loading, Unijormily of Surface Coverage: When comparing alkyl
functionalized silicas with ordered structure, the carbon loading was found to be similar
for both methods, so the co-condensation method did not offer any advantage over the
post-synthesis grafting methods.

Although co-condensation utilizing long chained

alkylsilanes (>C12) produced materials with somewhat higher loads of functional groups
when compared to post-synthesis grafting, these alkyl silicas were extremely disordered
and/or heterogeneous due to phase separation. Uniformity of the surface coverage was
assessed by water contact angles and BET C constants. Post-synthesis grafting utilizing
monofunctional silanes produced the best quality surfaces with uniform coverage of
closely packed alkyl groups.

Post-synthesis grafting with tri-functional silanes also

worked well, however, as compared to monofunctional silanes, these surfaces were a bit
less uniform and demonstrated a small amount of accessible polar groups (Si-OH). On
the other hand, the co-condensation method produced substantially less hydrophobic and

more heterogeneous surfaces than any of the post-synthesis grafting methods. Taking
into account that loadings of alkyl groups for both sets of materials were comparable, the
co-condensation materials must have had a significant amount of alkylsilane
functionalities not present on the surface, but incorporated in the silica matrix.

(4) Thermal Stability: Thermal stability (assessed by TGA) was the only characteristic
in which post-synthesis grafting utilizing monofunctional silanes was inferior to the other
surface functionalization methods tested in this work. For these samples, the principal
weight loss occurred at -250-300°C, which was attributed to the destruction of the
hydrocarbon chains.

For post-synthesis grafting utilizing tri-functional silanes, the

principal weight loss was observed at -500-550°C, which was close to that of the weight
loss of pure cross-linked alkyltrisiloxanes. Interestingly, no major differences were noted
when comparing the weight loss temperatures for alkyl silicas prepared through cocondensation and post-synthesis grafting utilizing tri-functional silanes. The enhanced
stability of alkyl silicas derived from the tri-functional silanes was attributed to the effect
of cross-linking, and in case of post-synthesis grafted samples, to multiple bonding of
alkyltrisiloxy species to the silica surface.

These differences mentioned above brings one to the final conclusion that while the
procedure for the preparation of functionalized silica through co-condensation may
appear simple at first, the material it generates is anything but simple. Based on the
preparation of a series of ordered alkyl functionalized silicas with the SBA-15 motif, I
conclude that the co-condensation route allows for less control of the materials properties

and produces more disordered and more heterogeneous materials as compared to the
post-synthesis grafting technique for synthesizing functionalized ordered mesoporous
silica.

Addendum B (Complete Co-Condensation Data Summary)

This supplement provides a complete summary of all samples prepared through both
post-synthesis grafting and co-condensation techniques.

Table 2-2: Characteristics of the AlkyI Silicas Prepared by Post-Synthesis Grafting
1. Post-synthesis grafting of SBA-15 with (CH,)2NSi(CH,)2C.H2-,

Grafting
dcnsiiy, nm"

slkyl

As determined from the
Corrected per gnm of silica

2. Post-synthesis grafting of SBA-15 with (EtO),SiC.H1.,,
Bare
SBA-15,

<01

559

0.79

0.08

559

0.79

0.08

6.7

194

3atch II*
I

6.61

6.0

445

0.57

0.02

483

0.62

0.02

6.2

129

8

13.91

1.9

302

0.37

0.03

361

0.44

0.04

4.8

38

18

18.58

1.2

185

0.26

0.00

237

0.33

0.00

44

28

*For Batch 1, the aging of silica was done at 110°C for 24h; for Batch 2, the aging was done at 80" for 48h.

Table 2-3: Characteristics of the Alkyl Silicas Prepared by Co-Condensation of
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Addendum C (Applications in Chromatography)
The synthesis of functionalized silica through co-condensation may not have surface
properties that are comparable to materials synthesized through post-synthesis grafting;
however this material does exhibit reasonable hydrophobicity and may be useful in some
applications if time is spent on process optimization.

To highlight one of these

applications, the co-condensed silica synthesized with octylsilane incorporating a 4 hour
pre-age into the synthesis was s h y packed using methanol into a chromatography
column measuring 50 mm x 4.6 mm. A test mixture of eight compounds (uracil, phenol,
benzoic acid, toluene, naphthalene, biphenyl, phenanthrene, and pyrene) was injected
onto the column and the elution pattern was monitored using UV detection set to 254 nm.
The mobile phase consisted of 0.1% H,P04 on Channel A and Acetonitrile on Channel B
with a linear gradient in which the composition was increased from 20% B to 80% B in
10 minutes. The column temperature was set to 40°C.

From the chromatography depicted in Figure 2-14, all compounds were separated with
phenol and benzoic acid being the critical pair. A short reproducibility study indicated no
changes in selectivity or elution time after a total of 25 injections were made over the
course of 1 week.

Figure 2-14: Chromatographic Separation using Cs Co-Condensed Silica

Figure 2-14: Chromatography column packed with Cg co-condensed silica. Separation of a test mixture
containing eight unique compounds was achieved in approximately eight minutes using 0.1% H,P04 and
Acetonitrile as the mobile phase.

Chapter 3: Solid-Supported Lipid Bilayers on the Surface of Mesoporous Silica

Abstract

To determine the intrinsic flexibility of lipid vesicles and the ability of lipid bilayers to
conform to the contours of the underlying surface, lipid vesicles were deposited on the
surface of mesoporous silicas with pore sizes ranging from 250 nm to 6 nm in diameter.
For lipid vesicles comprised primarily of phosphatidylcholine (PC), a maximal deposition
slightly greater than 3 lipid molecules per square nanometer was achieved for pore
diameters ranging from 250 nm to 100 nm (a PC lipid bilayer is -2.9 lipids/nm2).
Affinity for these surfaces was high and the relatively large pore diameter did not impede
or obstruct lipid deposition. For diameters ranging from 50 nm to 30 nm, a maximal
deposition of 3 lipids/nm2 was achieved; however, the adsorption affinity was reduced.
An equilibrium concentration of -14 rnmol was required to obtain bilayer coverage for
these materials versus an equilibrium concentration of -1 mmol for the large pore silicas.
A reduction was expected as the pore diameter for these materials is approximately equal
to the size of a PC vesicle. For silicas with pore diameters below 30 nm, adsorption
affinity was severely reduced, and bilayer coverage was not obtainable even with an
equilibrium concentration in excess of 25 mmol. Maximal deposition was 2.0, 0.5, and
0.04 lipids/nm2 for surfaces with pore diameters of 25 nm, 15 nm, and 6 nm, respectively.
As a lipid membrane has limited flexibility, it is hypothesized that a freely suspended
lipid bilayer is present on the surface of mesoporous silicas with pore diameters less 15
nm. The addition of lipids with a much greater inherent curvature was also investigated.
Although their incorporation into the vesicle had an effect on the maximal lipid
deposition, no changes were evident in the fact that full bilayer coverage could not be
obtained for pore diameters less than 30 nm.

Introduction
Consisting largely of a phospholipid bilayer with embedded proteins and attached
carbohydrates, biological membranes are a highly complex component of all living cells
that are responsible for regulating the passage of materials into and out of a

Due

to the inherent complexity of a membrane, direct investigations into their function can be
quite difficult. For this reason, artificial model membranes have played an important role
in studying the physical and chemical characteristics associated with these biological

barrier^.^'

Model membranes are often synthesized through the deposition of

phospholipid bilayers on solid surfaces.96-100 A large number of systems have been
described in the literature; traditional solid-supported lipid bilayers, 101-106 polymersupported lipid bilayers, 107-1 10 and hybrid lipid bilayers 111,112 (lipid monolayer supported
on a hydrophobic surface) have been written about quite extensively.

While much work has focused on the deposition of lipid bilayers on the surface of flat
substrates, deposition of lipid bilayers on curved porous surfaces has largely been
unexplored. Placing lipid bilayers on the surface of mesoporous materials, such as the
surface of silica gels, is an interesting proposition as it allows one synthesize a model
membrane with very unique properties.

A lipid membrane can either bend to the

contours of the underlying silica, gaining access to the porous structure and completely
covering the entire surface area in a thin membrane, or it can span over the pore structure,
forming a freely suspended lipid bilayer. 113.115 This latter scenario is perhaps the most
interesting as it results in the formation of small porous cavities that are blocked by thin
lipid membranes. Access to the porous structure can be regulated in much the same way

as a cell membrane regulates access to and from the interior of a cell, thereby creating a
model system that is suitable for mimicking the structure and function of a living cell
membrane.

In this work, lipid vesicles composed primarily of phosphocholine were deposited on the
surface of thoroughly characterized mesoporous silicas with pore sizes ranging from 250

nm to 6 nm in diameter. Bilayer formation was assessed through thermogravimetric
analysis of the silicas upon deposition of the lipid vesicles. Insight into the inherent
flexibility of the lipid vesicle was gained by taking into consideration the inherent
curvature of the lipid vesicle and the ability of this vesicle to access pores of a decreasing
diameter.

Experimental

Materials

Davisil XWP 2500, XWP 1500, XWP 1000, and XWP 500 silica gels were obtained
from Grace-Davison (Deerfield, 11, USA).

Average pore diameter (Dp) for these

materials ranged from 250 nm to 50 nm. Silokhrom S120 (Dp: 30 nm), Davisil 250 (Dp:
25 nm), Sigma Aldrich 150 (Dp: 15 nm), and Davisil 634 (Dp: 6 nm) were obtained from
Sigma Aldrich (St. Louis, MO, USA).

Lipids: l-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (16:O-18:l POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serin,
sodium salt (16:O-18: 1 POPS), 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (1 8: 1
Lyso PC), and I-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine(16:O-18:l
POPE) were obtained from Avanti Polar Lipids (Alabaster, Al, USA). All lipids arrived

as solutions in which the lipids were dissolved in chloroform. Phosphate buffered saline
solution (PBS 10X) was obtained from Thermo Fisher Scientific (Waltham, MA, USA).

Liposome Preparation and Deposition
Small unilamellar vesicles (SUVs) were formed through hydration of the lipid molecules
followed by extended agitation with a probe tip sonicator. In a typical preparation,
solutions of POPC and POPS in chloroform were measured out volumetrically into a
small scintillation vial to obtain a final weight based ratio of 9:l. The chloroform was
then removed with a dry stream of nitrogen, leaving behind a thin lipid film on the
surface of the vial, which was further dried under a vacuum pump for approximately 24
hours. Phosphate buffered saline solution was then added to obtain an 8 mg/mL solution.
Hydration of the lipid molecules was achieved by repeating a freezing / thawing /
agitation cycle five times. The aqueous lipid solution was frozen through immersion in a
dry ice 1 ethanol bath. Upon freezing, the solution was left to stand at room temperature
to completely thaw, at which time the solution was placed on a vortex stirrer. Upon
completion, the lipid solution was agitated using a probe tip sonicator for 30 minutes.
During sonication, the solution was observed to change from being highly opaque and
white to being very clear and transparent with only a slight haziness, indicating the
formation of small unilamellar vesicles (liposomes) approximately 50 nrn in diameter.
The solution was then centrifuged at 3000 rpm for five minutes to remove any particulate
matter.

Note: The preparation of an 8 mg/mL solution was adequate for many of the experiments
performed in this work. Serial dilutions were able to be performed with phosphate
buffered saline solution to obtain the required silica to lipid ratio for deposition. For the
smaller diameter silicas with much greater surface areas, stock solutions with a higher
concentration were required. For the 25 nm, 15 nm, and 6 nm silicas, stock solutions of
20 mg/mL and 30 mg/mL were required. Experiments performed using these highly
concentrated stock solutions were first tested on the large pore silicas, with the bilayer
covered samples being compared to those obtained with the 8 mg/mL stock solution.
From this comparison, no adverse effects in using stock solutions of such a high lipid
concentration were found.

Deposition of the liposomes on the surface of silica was achieved by placing 20 mg of
silica into a 2 rnL Eppendorph vial and adding 1.5 rnL of the liposome solution. The
mixture was then placed on an orbital stirrer and gently shaken for a period of three days.
No visible changes were evident during this timeframe. Upon completion, the silica was
washed twice with the PBS 10X buffer solution and then twice with deionized water prior
to drying at 60°C for a period of 24 hours.

Characterization

Nitrogen adsorption-desorption isotherms (77K) were obtained to determine the surface
characteristics of the mesoporous silica; isotherms were acquired using an Autosorb-1
analyzer (Quantachrome Instruments, Boynton Beach, FL, USA).

The adsorption

isotherms were measured over a relative pressure plp, range extending from

to

0.995. Desorption isotherms were measured over a relative pressure range from 0.995 to
0.2-0.3 respectively. Prior to analysis, the materials were degassed at 200°C overnight
using the out-gassing port of the instrument. The surface area (SBET)was calculated via
the Brunauer-Emmett-Teller (BET) method in the range of relative pressure from 0.06 to
0.20. The cumulative volume of the pores (VPORE)was determined from adsorption at
0.98 plp,. The pore size distribution and average pore diameter was calculated with the
Barrett-Joyner-Halenda (BJH) algorithm using the adsorption branch of the adsorptiondesorption hysteresis. Thermal analysis of the silicas after liposome deposition was
performed in nitrogen using a TA Instruments Hi-Res 2950 Thermogravimetric Analyzer
using a heating rate of 1O0C/min. The number of lipids present on the surface was
calculated based on the cross-sectional coverage of a POPC lipid bilayer; lmg will cover
0.28m2 (35A2 per POPC molecule in a bilayer 70A2 in a monolayer). Calculations result
in a surface coverage of -2.9 lipids/nm2 for a bilayer. The average vesicle diameter was
measured using a Wyatt Quasi Elastic Light Scattering (QELS) detector (Santa Barbara,
CA, USA).

Results and Discussion
For a lipid bilayer to form on the surface of mesoporous silica, lipid vesicles need to be
able to gain access into the porous structure of the substrate. If the average pore diameter
of the silica is significantly larger than the lipid vesicle, deposition and subsequent
formation of a bilayer will take place readily; the relatively large pore size will not hinder
vesicle deposition and a bilayer will form on the surface of the material. On the other
hand, if the average pore diameter is smaller than the lipid vesicle, deposition will be

impacted; access to the porous structure will be more difficult, and the number of lipids
present on the surface may be reduced.

The extent of this reduction is driven by the average pore diameter of the mesoporous
silica (smaller pores are much more difficult to access) and the inherent curvature of the
lipid membrane. All biological membranes have an inherent curvature based on the size
and shape of the lipids from which it is composed. Lipids that make up most biological
membranes are amphiplilic; they consist of a hydrophilic head group attached to a
hydrophobic alkyl chain. Depending on the relative size of the head group to the tail
group and the number of double bonds present throughout the chain, lipid molecules can
have different principal curvatures, where principal curvature is equal to 1 / R. For a
membrane composed of POPC and POPS at a 9: 1 ratio, the size of the lipid vesicle was
determined to be 44.8k8.7 nrn in diameter. This results in a principal curvature of -0.045
nm-I. For silicas with an average pore diameter less than -40 nm, in order for the lipid
vesicle to enter the pore structure, the membrane will have to bend. However, it takes
energy to bend a lipid membrane."6
following equation:

he energy required can be calculated from the

where kb is the bending modulus of the lipid membrane ( 5 x 1 0 . ~J ~for PC), R is desired
vesicle radius, and & is the equilibrium vesicle radius. For a PC membrane with an
equilibrium radius of 22 nm, a radius similar to that of a POPC 1 POPS vesicle, the
energy required to reduce the radius to 15 nm is 21 kJ1mol.

Deposition Kinetics

Expanding on this calculation, an experiment was performed in which POPC 1 POPS
vesicles were deposited on the surface of mesoporous silica with a 30 nm pore diameter.
Exactly 1.5 mL of a 7.2 mmol solution of POPC / POPS was placed in a vial containing
20 mg of silica; based on the cross-sectional coverage of the lipid bilayer, the ratio of
lipids to silica surface area was 1.4 to 1, more than enough to completely cover the entire
surface of silica in a lipid bilayer. As the deposition kinetics for this type of system was
unknown, the time required for lipid vesicles to adsorb onto the surface of mesoporous
silica and subsequently rupture forming bilayers was studied in detail. Silica with a 30
nm pore diameter was chosen for this study as it is slightly smaller than the average lipid
vesicle, and should therefore provide resistance in regards to vesicle deposition. The
number of lipids present on the surface is plotted against time in Figure 3-1. From this
illustration, lipid deposition on the surface of mesoporous silica is slow. Under static
conditions (ambient temperatures and pressures with no agitation), equilibrium was
reached after 13 days with a surface coverage of 1.7 lipidslnm2 (-2.9 lipids/nm2 denotes a
bilayer). Mild agitation with the aid of an orbital stirrer reduced the equilibration time to
3 days, reaching a surface coverage of 1.9 lipidslnm2, however, this coverage was still
below that which is indicative of a bilayer.

Figure 3-1: Kinetics of Lipid Deposition of the Surface of Mesoporous Silica
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Figure 3-1: Lipid deposition on the surface of mesoporous silica with a 30 nm pore diameter; equilibrium

under static conditions was reached after approximately two weeks, while equilibrium with mild agitation
reduced the time to -3 days.

Effect of Pore Diameter and Lipid Concentration
To explore the effects that silica pore diameter has on the deposition of lipid vesicles and
subsequent bilayer formation, Langmuir-type isotherms were constructed as illustrated in
Figure 3-2. From this figure, three different and unique trends were clear. (1) For silicas
with an average pore diameter greater than 100 nm, a size significantly larger than the
average diameter of the POPC / POPS lipid vesicle, deposition occurred quite readily.
Affinity for these surfaces was high and the relatively large pore diameter did not impede
or obstruct lipid deposition as evidenced by the initial steepness of the isotherm for these
silicas (Figure 3-2). A deposition amount slightly larger than a bilayer was observed to

have been deposited on the surface of these materials (-3.5 lipids/nm2); this may be the
result of un-ruptured vesicles or the formation of lipid multi-layers on the surface. (2)
For silicas with a pore diameter approximately equal to the average pore diameter of the
POPC / POPS lipid vesicle (50 nm and 30 nm silicas), a bilayer was formed on the silica
surface of silica, however the adsorption affinity was reduced. The initial steepness of
the Langmuir isotherms was lessened and an equilibrium concentration of -14 mmol was
required to obtain bilayer coverage for these materials versus an equilibrium
concentration of -1 mmol for the large pore silicas (250 - I00 nm). (3) For silicas with
pore diameters below 30 nm, adsorption affinity was severely reduced, and bilayer
coverage was not obtainable even with an equilibrium concentration in excess of 25
mmol. Maximal deposition was 2.0, 0.5, and <0.1 lipids/nm2 for surfaces with pore
diameters of 25 nm, 15 nm, and 6 nrn, respectively. A table highlighting the maximal
lipid deposition and adsorption affinity as calculated from the adsorption isotherms is
presented in Table 3- 1.

Figure 3-2: Lipid Bilayer Formation on the Surface of Mesoporous Silica - Effects
of Pore Diameter
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Figure 3-2: Langmuir isotherms depicting the formation of lipid bilayers on the surface of silica; a lipid

bilayer has a surface concentration of -2.9 lipidsinm2.

As a lipid membrane has limited flexibility, it is hypothesized that a freely suspended
lipid bilayer is present on the surface of mesoporous silicas with pore diameters less 15
nm. This latter scenario is perhaps the most interesting as it results in the formation of

small porous cavities that are blocked by a thin lipid membrane. Access to the porous
structure can thus be regulated in much the same way as a cell membrane regulates
access to and from the interior of a cell, thereby creating a suitable model system that can
be investigated in future work.

Table 3-1: Lipid Deposition on the Surface of Mesoporous Silicas
Silica Surfare
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Addition ofLyso PC and POPE to the Lipid Membrane

As stated previously, lipid molecules can have different inherent principal curvatures
depending on the size and shape of the molecule itself. Lipid molecules with a relatively
large head group have a positive principal curvature and often have the tendency to form
a micellular structure. In a micellular structure, all of the alkyl chains (tail groups) are
directed in toward the center, as shown in Figure 3-3. On the other hand, lipid molecules
with a relatively small head group (or relatively large tail group) have the tendency to
form an inverted phase in which the head group is directed toward the center (Figure 3-

3). Molecules that lie midway between these two extremes (width of the head group and
tail group are proportional to one another and thus the principal curvature is 4)have a

tendency to form a planer bilayer structure that can bend slightly to form a rather large
vesicle. POPC and POPS are lipid molecules where the head group and tail group are
proportional to one another, and thus the principal curvature is small -0.045 nm". The
addition of lipids with large principal curvatures to the POPC / POPS vesicle may be able
to influence the overall size of the vesicle, thus enabling the vesicle to gain access into
the porous structure of the small pore silica gels.

Figure 3-3: Curvature and Different Shapes of Lipid Membranes
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Inherent curvature of a lipid molecule and the resulting membrane shape; no inherent

curvature results in a bilayer, positive curvature results in a micelle structure, and negative curvature results
in an inverted phase.

In the first experiment, Lyso PC was added to the lipid solution at 20% to obtain an
overall composition of 7:2:1 POPC / Lyso PC / POPS. Lyso PC has a large positive
principal curvature (+0.26 nm-I; radius of curvature is 3.8 nm), which subsequently
results in a micelle-type structure when it is placed in an aqueous solution. The addition
of Lyso PC should work to effectively reduce the radius of curvature of the lipid vesicle,
resulting in a smaller diameter vesicle that can more easily access the smaller diameter

pores.

Deposition of lipid vesicles containing Lyso PC was investigated with the

resulting Langmuir adsorption isotherm plot shown in Figure 3-4. From this figure, two
trends are apparent. (I) For silicas with an average pore diameter greater than 30 nm,
affinity was quite high as evidenced by the initial steepness of the isotherm. While no
changes were noted for silicas with pore diameters greater than 100 nm, a marked
improvement was clear for silicas with an average pore diameter ranging from 50 - 30
nm. Previously, silicas with an average pore diameter in this range were observed to
have reduced affinities as evidenced by a reduction in the initial steepness of the
isotherm. This was not apparent with the introduction of Lyso PC into the lipid vesicle.
For the 50 and 30 nm silicas, a maximal lipid deposition of 3.0 lipids/nm2 (indicating the
formation of a bilayer) was reached at an equilibrium concentration of -6 mrnol versus
-14 mmol, which was the concentration required for a lipid vesicle comprised solely of
POPC / POPS.

Unfortunately, the addition of Lyso PC did little to stimulate the

formation of a lipid bilayer on the surface of silicas with a pore diameter less than 30 nm.
(2) For silicas with an average pore diameter less than 25 nm, the maximum lipid density
calculated from the isotherms was enhanced as shown in Table 3-1. For silicas with an
average pore diameter of 15 nm, and 6 nm, the MAX increased from 0.5 to 0.9 lipids/nm2
and from 0.04 to 0.6 lipidslnm2, respectively; an improvement, but still below the amount
indicating the formation of a lipid bilayer. For the 25 nm silicas, the
unchanged, 2.0 versus 1.9 lipids/nm2.

rMAX
remained

Figure 3-4: Lipid Bilayer Formation on the Surface of Mesoporous Silica -Effects
of Lyso PC Addition
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Figure 3-4: Langmuir isotherms depicting the formation of lipid bilayers on the surface of silica; Lyso PC

was added at 20%.

In the second experiment, POPE was added at 20%, resulting in a lipid vesicle with an
overall composition of 7:2:1 POPC 1 POPE 1 POPS. As POPE has a large negative
principal curvature (-0.48

tun-';

radius of curvature is -2.1 nm), which results in an

inverted phase, it was hypothesized that POPE may preferentially locate itself to the
interior of the lipid vesicle, reducing the overall radius of curvature of the lipid vesicle.
Similar results were expected for the addition of POPE as were observed with the
addition of Lyso PC. However, from the adsorption isotherm presented in Figure 3-5,
this was not the case. The addition of POPE reduced vesicle affinity for silicas with pore

diameters in the range of 30 to 50 nm - the initial steepness of the adsorption isotherm
for these two specified pore diameters was reduced as compared to vesicles comprised
solely of POPC 1 POPS (Figure 3-3). In addition, there was also a decrease in the
maximal lipid deposition as calculated from the isotherm plot; 2.8 lipids/nm2 for the 50
nm

Dp

silica and 2.7 lipidslnm2 for the 30 nm

Dp

silica. These values are slightly less

than that of a bilayer. For pore diameters greater than 50 nm, affinity was essentially
unchanged and a bilayer was readily formed; however, for pore diameters less than 30
nm, a significant reduction was noted. For silicas with pore diameters of 25, 15, and 6
nm, the maximal lipid deposition was calculated at 0.5, 0.1, and 0.02 lipids/nm2,
respectively. A complete data set is presented in Table 3-1. Based on these results, Lyso
PC and POPE are believed to distribute themselves evenly in both the interior and the
exterior of the lipid vesicle. With its positive radius of curvature, Lyso PC reduces the
diameter of the vesicle. This increases the adsorption affinity and enables an increase in
the maximal lipid deposition for small pore silicas.

Alternatively, POPE, with its

negative radius of curvature, increases the diameter of the vesicle. This results in a
decrease in the maximal lipid deposition for small pore silicas (Figure 3-5).

Figure 3-5: Lipid Bilayer Formation on the Surface of Mesoporous Silica - Effects
of POPE Addition
-

--

Figure 3-5: Langmuir isotherms depicting the formation of lipid bilayers on the surface of silica; POPE

was added at 20%.

Conclusion
Deposition of lipid vesicles and the subsequent formation of a solid supported lipid
bilayer were shown to be possible on the surface of mesoporous silicas. For silicas with
an average pore diameter significantly larger than that of the lipid vesicle (250 - 100 nm),
adsorption affinity was high as evidenced by the initial steepness of the plotted
adsorption isotherms; a bilayer was easily formed. Adsorption affinity was reduced for
silicas with a pore diameter similar to that of the lipid vesicle (50 - 30 nm); however with
an increased vesicle concentration in the surrounding solution, a lipid bilayer was able to

be formed on these surfaces. For silicas with pore diameters significantly less than the
size of the vesicle (<25 nm), adsorption affinity was very low and full bilayer coverage
was not able to be obtained. The addition of lipids with an enhanced radius of curvature
was also investigated in an effort to enable bilayer coverage for silicas with a small pore
diameter; however these experiments were only partly successful.

Although their

incorporation into the vesicle had an effect on the maximal lipid deposition, no changes
were evident in the fact that full bilayer coverage could not be obtained for pore
diameters less than 30 nm.

Addendum D (Hybrid Lipid Bilayers)
Expanding upon the initial work, investigations into synthesizing hybrid lipid bilayers
were conducted. Octadecyl-dimethylchlorosilane (C18) was reacted with the surface of
the Davisil XWP 500 material (Dp: 50 nm) to obtain an alkylated silica with a grafting
density of 1.9 alkyl chains/nm2. Deposition of 9:l POPC / POPS lipid vesicles on the
surface of silica was achieved by placing 20 mg of silica into a 2 mL Eppendorph vial
and adding 1.5 mL of the liposome solution. As the lipid solution did not wet the silica
surface due to the hydrophobicity of this modified material, an extended agitation using
the orbital stirrer was carried out. The mixture was shaken for a period of seven days as
opposed to the standard three days. During this timeframe, the modified silica became
more hydrophilic as a monolayer of lipids was adsorbed onto the surface. This was found
to occur faster for samples where the concentration of lipids in the surrounding solution
was the greatest. In these samples, the surrounding solution was observed to completely
wet the modified silica afier agitation was camed out for several days. For samples with
a low level of lipids, the surrounding solution was never observed to wet the silica
present within. An adsorption isotherm is presented in Figure 3-6. From this plot, a lipid
monolayer was observed to form at low equilibrium concentrations (where a monolayer
is -1.5 lipids/nm2). Accordingly, the initial steepness of the isotherm curve is very high,
indicating a strong affinity of lipids for the modified surface (the affinity constant was
calculated to be 27).

Figure 3-6: Formation of a Hybrid Lipid Bilayer on the Surface of Davisil X W P 500
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Figure 3-6: Lipid deposition was performed on the surface of Davisil XWP 500 (Dp: 50 nm) modified

with octadecylsilane (CM). Here, a monolayer of lipids (-1 .5 lipidslnm2) was observed to be deposited on
the silica surface.

Chapter 4: Investigations at the Water 1 Hydrophobic Interface - A New Insight
into Aqueous Induced Retention Time Loss in Reverse Phase HPLC

Nano-Bubbles

Drop in Pressure
Large Pores. Small Chains

Small Pores. Larae Chains

Continuity of Flow is Broken
Flow is not Broken

Abstract

Commonly known within the chromatographic community as "phase collapse", the
sudden loss of analyte retention in reverse phase HPLC due to the use of an eluent with a
high aqueous percentage has been observed quite frequently by chromatographers when
attempting to separate polar species that do not interact strongly with the stationary
phase. Recent publications attempt to explain this sudden loss of retention through a
process of de-wetting, in which water is forced out of the porous structure due to
hydrophobic / hydrophilic interactions.

Unfortunately, this mechanism does not

completely agree with all experimental data. Here, an alternative mechanism is presented
which involves the adsorption of dissolved air onto the hydrophobic stationary phase,
leading to the formation of nano-bubbles. Reducing pressure by switching off the HPLC
pump causes a dramatic increase in the volume of these bubbles, breaking the continuity
of flow in the pores. Experimentally, the continuity of flow was found to be more easily
broken for small pore diameter silicas modified with large chain alkylsilanes, a find that
is supported by published HPLC data regarding this phenomenon. Additional support for
this mechanism was obtained by varying the amount of dissolved air in the mobile phase.
Decreasing the amount of air led to a decrease in the extent of retention time loss, while
increasing the amount of air had the opposite effect, leading to an increase in the extent
of retention time loss.

Introduction

High performance liquid chromatography (HPLC) is a method of analysis commonly
used to separate out impurities from the analyte under investigation using a packed
column containing modified silica, typically octadecyl-dimethylsilane (Clg) chemically
grafted onto high purity mesoporous silica.'" An eluent composed of an aqueous buffer
and an organic modifier such as acetonitrile or methanol is passed through the column,
and differences in analyte interaction between the eluent and the stationary phase lead to
separation. Compounds that exhibit greater hydrophobicity generally elute later as the
organic modifier increases in concentration. For polar analytes that do not interact
strongly with the stationary phase, it is sometimes necessary to use a mobile phase
composition that it almost 100% aqueous in order to have adequate retention.Il8 As
chromatographers began exposing their columns to such conditions, an interesting
phenomenon began to occur. Upon shutting down the HPLC pump and subsequently
restarting, the retention times of the polar analytes under investigation would suddenly
shift in, indicating a very limited interaction with the stationary phase."9

This loss of retention was initially thought to have been caused by a physical collapse of
the stationary phase. 119.121 Early theories envisioned the chemically grafted alkylsilane
chains standing up perpendicular to the silica surface under normal operating conditions.
The use of 100% water caused these chains to collapse inwards on top of one another
upon a reduction of pressure. This reduced their ability to interact with the analytes,
thereby shifting retention times inward. Recent studies however have shown this to be
u n t r ~ e . ' ~ ~ ,In' ~fact,
'
the chains are never standing straight up; they are always in a

"collapsed" state. Nevertheless, the term "phase collapse" is still widely used to describe
this phenomenon, and has become a stable of the chromatographic community's lexicon.

Since the original "phase collapse" theory, a new theory has emerged, becoming widely
accepted largely due to widespread inclusion within vendor literature. Citing the YoungLaplace equation,'24

where the pressure (AP) required to force a non-wetting liquid (surface tension, r,
contact angle, 8) into a cylindrical pore is inversely proportional to the diameter (D) of
the pore, researchers hypothesized that the observed retention time loss was a de-wetting
phenomenon.'2s Column back-pressure is working to keep water within the porous
structure of the stationary phase. Reducing the pressure by shutting down the HPLC
pump causes a rapid extrusion of water from the pores, thereby resulting in a loss of
analyte retention. While our own investigations did confirm that water is indeed forced
out of the column in an amount that is proportional to the extent of retention time loss,
there are three key fundamental experimental observations that this mechanism fails to
address and adequately explain.

Observation 1: Filling of the Void

The extrusion of water from the pore via de-wetting seemingly leaves a void within the
porous structure of the stationary phase. Gravimetric experiments conducted in our
laboratory have shown extrusion levels up to 37% of the total column volume (inter-pore

and inter-particle), thus creating a very large void. A vacuum certainly does not exist
within this free space, and therefore the void must be filled with air. As the air does not
spontaneously arise, it must originate from somewhere. The de-wetting theory fails to
address this fact, and it fails to provide insight into where this air is coming from.

Observation 2: Large Pore Columns do not Exhibit Signs of "Phase Collapse"
Loss of retention is strongly dependent on the average pore diameter of the stationary
phase, with columns of a smaller pore diameter exhibiting greater retention time loss than
those of a larger pore diameter. 125,126 While the Young-Laplace equation predicts this
dependence, it does not provide insight into why large pore columns do not exhibit
retention time loss upon shutting down the HPLC pump. For an alkylated stationary
phase with a pore diameter of 3OOA, the pressure required to force water into the pore
network

(water:
72dyneIcm;

8: -110" surface tension) based on the Young-Laplace

equation is -480 psi. This is a substantial amount of pressure. Based on the de-wetting
mechanism, water should be forced out of the pore upon a reduction in pressure.
Columns with an average pore diameter of 300A should shows signs of "phase collapse",
but they do not.

A study into the effects of pore size conducted within our laboratory did confirm that the

extent of retention time loss is more significant for smaller pores than it is for larger
pores. For the Waters Symmetry C I Bcolumn with an average pore diameter of 100& the
change in retention time of uracil and nicotinamide upon shutting down the pump and
subsequently restarting is incredibly large, 69% for that of uracil and 90% for that of

nicotinamide.

However, for a Waters Symmetry Clg column with an average pore

diameter of 300A, a column similar in all other aspects, retention time loss was not
observed (Figure 4-1). This is a significant observation not explained through the dewetting mechanism.

Figure 4-1: Effect of Pore Size on Retention Time Loss

Figure 4-1:

The change in retention time upon shutting down the pump was found to be directly

influenced by the average pore diameter of the column. Columns with a smaller average pore diameter
exhibited retention time loss to a greater extent than columns with a larger average pore diameter. The
1 RTlnibd ] x 100%.
percent change was calculated as follows: [ (RTl,,titisl- RT,-o~~apscd)

Observation 3: Columns with Short Alkylsilane Chains do not Exhibit Signs of "Phase
Collapse"

Retention time loss is also strongly dependent on the length of the covalently bound
alkylsilane chain as evidenced by the fact that retention time loss is not observed for short
chain a ~ k ~ l s i l a n e s .To
' ~ ~understand these effects better, modified silica columns with
increasing alkylsilane chain lengths were synthesized using pre-packed bare silica HPLC

columns. Two sets of columns were synthesized: one with a pore diameter of 60A
(Waters Nova Pak 150 mm x 3.9 mm x 4 bm); the other with a pore diameter of 120A
(YMC Pack-Sil 150 mm x 4.6 mm x 5 pm). A careful study of the data reveled that alkyl
chains ranging in length from C1 to Cq did not exhibit retention time loss (Figure 4-2).
Neither the 60A Waters Nova Pak nor the 120A YMC Pack Pro showed a change in
retention time upon shutting down the pump for the probe molecules in this range. As
the length of the alkyl chains were increased beyond this initial range, "phase collapse"
and the sudden loss of retention time for the probe analytes began to occur.

Figure 4-2: Effect of Alkyl Chain Length on Retention Time Loss
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Figure 4-2: Change in retention time with respect to alkyl chain length for two different types of silica

with pore sizes of 6OA and 120A,respectively. As seen from this figure, "phase collapse" does not occur
for alkyl chains smaller than C,.

Based on contact angle measurements for water on the surface of an alkylated silicon
wafers, the hydrophobicity of trimethyl silane (CI) and octadecyl-dimethylsilane (C18) are
approximately equal at 102' and 107", respectively. Some may even argue that a surface
modified with trimethylsilane (CI) has greater hydrophobicity based on the C constant
value of the BET equationZ5as measured through low temperature nitrogen adsorption,

where C E exp (AHads/ RT). AS there are no apparent differences in hydrophobicity
between a C1 and C18 phase, a column modified with trimethylsilane (C1) should exhibit
the characteristic retention time loss associated with "phase collapse" based on the dewetting mechanism. However, experimental evidence demonstrates that this is not the
case.

The de-wetting mechanism does not fully explain the "phase collapse" phenomenon as it
fails to provide insight into (1) what fills the void, (2) why large pore columns do not
exhibit retention time loss, and (3) why columns modified with short alkylsilane chains
do not exhibit retention time loss. Something is clearly missing from this proposed
mechanism, and that something has to do with the ability of hydrophobic surfaces to
spontaneously adsorb dissolved air, forming nano-bubbles at the water / hydrophobic
interface. Herein, the ability of mesoporous hydrophobic silicas to adsorb air will be
investigated in detail, relating the amount of air adsorbed to the surface characteristics of
the stationary phase and the ability of this adsorbed air to block the continuity of flow
within pores. A revised mechanism is proposed that fully explains the "phase collapse"
phenomenon and subsequently expands the original de-wetting mechanism without
conflicting with key experimental observations.

Experimental

Chromatographic Experiments
All chromatography experiments were performed on an Agilent 1100 HPLC system
equipped with a photodiode array detector, solvent degasser, auto sampler, heated column

compartment, and binary pump (Wilmington, DE, USA). Chromatograms were acquired
and processed with a Thermo Atlas chromatography data system (Thermo Fisher
Scientific, Waltham, MA, USA). The mobile phase consisted of de-ionized water with
no buffer added.

The mobile phase flow rate was 1.0 mumin with the column

temperature set to 25°C. UV detection was set to 210 nrn with an injection volume of 10

pL.

Void time was determined by the first baseline disturbance when injecting

deuterated water. The analytes used were uracil and nicotinamide (Vitamin B); they were
purchased from the Sigma Aldrich Chemical Company (St. Louis, MO, USA). The
concentration of uracil and nicotinamide was 0.1 mg/mL and 0.4 mg/mL, respectively.
All samples were dissolved in deioinized water.

Stainless steel columns (25 cm x 4.6 mm) packed with modified C I S silica were
purchased from Phenomenex (Phenomenex Inertsil ODs-2 Clg - 150A) and Waters
(Waters Symmetry Clg

- IOOA and Waters Symmetry 300 Clg - 300A).

These columns

were used to corroborate the effects of pore diameter on retention time loss. Surface
modification of silica to create analytical columns with covalently bound alkyl chains of
varying

length was performed using (N,N-Dimethylamino)-alkyldimethylsilanes

purchased from Gelest (Morrisville, PA, USA). Aminoalkylsilanes not readily available
for purchase were synthesized through hydrosylation of the corresponding alkene with
dimethyl-chlorosilane as described in earlier works.80

Two sets of columns were synthesized: one with a pore diameter of 60A (Waters Nova
Pak 150 mm x 3.9 mm x 4 pm); the other with a pore diameter of 120A (YMC Pack-Sil

150 mm x 4.6 mm x 5 pm).

For the synthesis, the desired aminoalkylsilane was

dissolved in toluene and pumped through a column that was previously flushed with
acetone followed by toluene. The aminoalkylsilane solution was pumped through the
column for a period of 1 hour at a flowrate of 0.1 mL/min. The column was then capped
and heated to 60°C for 24 hours after which the column was flushed with toluene and
then acetone prior to equilibration with a solution of 1:l acetonitrile / water. Columns
were prepared with an alkyl chain length ranging from CI (trimethylsilane) to C18
(octadecyl-dimethylsilane).

Adsorplion ofAir on Hydrophobic Silica Surfaces

To record the ability of hydrophobic silica to adsorb dissolved gas, silicon wafers
purchased from Sigma Aldrich (St. Louis, MO, USA) were modified with

octadecyl(dimethylamino)dimethylsilane.

Images were taken with a Canon digital

camera. Silicon wafers were modified with octadecylsilane (Cj8) to varying degrees in
order to produce a set of materials that differed in the ability of water to wet the surface.
This was accomplished by simply allowing the modification reaction to proceed for
shorter periods of time. Allowing the reaction to proceed for a full 24 hours produces a
fully functionalized surface with maximal grafting density, only allowing the reaction to
proceed for 1 hour produces a partially functionalized surface with a low grafting density.

For quantitation purposes, porous silica modified with methylsilane (CI), octylsilane (C8),
and octadecylsilane ( C I ~ )was thoroughly degassed and placed in a sealed vessel
containing 9:l water 1 acetonitrile.

Adsorption of gas onto the silica surface was

measured through the use of an Accurnet AP74 dissolved oxygen probe (Thermo Fisher
Scientific, Waltham, MA, USA).

Oxygen levels in the surrounding solution were

monitored for a period of 24 hours. Three silica samples with the following pore sizes
were employed in this study: 60A, 150A, and 300A. Materials were purchased from
Sigma Aldrich and Grace Davison (Deerfield, 11, USA).

Solubility of Air in Disiloxanes

Equilibrium solubility of air (nitrogen and oxygen) in disiloxanes was obtained through
the use of gas chromatography (Agilent 6890 - Wilmington, DE, USA). Exactly 3pL of
sample was injected (6psi, 10:l Split; 200°C) onto a Rt-MSieve 5A (30m x 0.53mm)
column purchased from Restek (Bellefonte, PA, USA). Column temperature increased
from 50°C to 200°C at a rate of 2S°C/min. Detection of both oxygen and nitrogen was
obtained with a thermal conductivity detector (200°C, Makeup Gas: 9mL/min, Reference
Gas: 20mL/min). Di-siloxanes were purchased from Gelest or synthesized from the
appropriate dimethylchlorosilane.

Characterization

All silica samples were thoroughly characterized by low temperature nitrogen adsorption.
Nitrogen adsorption-desorption isotherms (77K) were measured using an Autosorb-1
analyzer (Quantachrome Instruments, Boynton Beach, FL, USA).

The adsorption

isotherms were measured over a relative pressure plp, range extending from 1 0 ' ~to
0.995. Desorption isotherms were measured over a relative pressure range from 0.995 to
0.2-0.3 respectively. Prior to analysis, the materials were degassed at 100°C overnight

using the out-gassing port of the instrument. A relatively low outgassing temperature
was chosen to avoid the degradation of the alkyl chains bound to silica. The surface area
(SBET)was calculated via the Bmnauer-Emmett-Teller (BET) method in the range of
relative pressure from 0.06 to 0.20. The cumulative volume of the pores (VPORE)was
determined from adsorption at 0.98 p/p,. The pore size distribution and average pore
diameter (DPORE)was calculated with the Barrett-Joyner-Halenda (BJH) algorithm using
the adsorption branch of the adsorption-desorption hysteresis. Thermal analysis of the
modified silicas to obtain the weight percent of alkylsilane present on the surface was
performed in nitrogen using a TA Instruments Hi-Res 2950 Thermogravimetric Analyzer
using a heating rate of 1O0C/min. Weitability of alkylsilicas was assessed through
dynamic water contact angles. The advancing and receding water contact angles were
measured with a Rame-Hart contact angle goniometer. The probe fluid (RO purified
water) was addedwithdrawn tolfrom the samples using a Gilmont syringe. Silicon
wafers were measured as-is; silica gels powders were pressed into -7-10mm pellets.

Results and Discussion

The ability of hydrophobic surfaces to adsorb air and subsequently form bubbles at the
hydrophobic / hydrophilic interface when fully submersed in water is a well known
phenomenon in the field of surface science that has been written about quite
extensively. 127-131

The idea behind bubble formation is quite simple; it is highly

unfavorable for water to be in direct contact with a hydrophobic material. As a droplet of
water placed on a hydrophobic surface will have a contact angle greater than 90" (notwetting) to reduce interactions with the surface, a hydrophobic surface completely

submersed in water will adsorb dissolved gas, forming small bubbles in an attempt to
reduce exposure by means of a vapor barrier.

To visually observe the formation of these bubbles at the water 1 hydrophobic interface
and to assess the relationship between hydrophobicity and bubble formation, silicon
wafers were modified with octadecylsilane (C18) to varying degrees in order to produce a
set of materials that differed in the ability of water to wet the surface. Each wafer was
then placed in a solution of water, leaving the material to stand under ambient conditions.
An unmodified silicon wafer was used as a control. Within a short period of time, clear
differences between the materials under investigation were apparent. For the silicon
wafers modified with octadecylsilane (C18), small bubbles approximately 100 p n in
diameter were visible within 30 minutes. After 2 hours, the diameter of these bubbles
reached a maximum of approximately 1 mm, remaining static for a period in excess of
three weeks. While the size of each adsorbed bubble was similar, the sheer number of
bubbles present on the surface of each respective wafer was proportional to the measured
water contact angle (CA). Silica surfaces with a greater apparent hydrophobicity (larger
water contact angle) adsorbed a greater amount of oxygen and nitrogen from the
surrounding solution as evidenced by an increased number of air bubbles. Images taken
after allowing the samples to stand for a period of 24 hours are presented in Figure 4-3.
The unmodified bare silicon wafer (Sample A) did not adsorb any gas from the
surrounding solution; water completely wets the surface of this material (CA < loo) and
thus there is no driving force for bubble formation to occur. Sample B, on the other hand,
with moderate hydrophobicity (5 Min Reaction Time

-

CA: 68"), exhibited minor air

adsorption. Adsorption was much more prevalent on the silicon wafers in which the
modification reaction was allowed to proceed for 1 hour or longer; measured contact
angles were subsequently greater than or equal to 90' for these samples. Sample C (1 Hr
Reaction Time), with a measured water contact angle of 90" showed an increased number
of adsorbed gas bubbles over Sample B. Sample D (24Hr Reaction Time), with a
measured water contact angle of 102", had the utmost number of adsorbed gas bubbles
present on its surface.

Figure 4-3: Air Adsorption with Respect to Apparent Hydrophobicity

Figure 4-3:

Adsorption of air from the surrounding water with respect to apparent hydrophobicity.

Sample A: Bare Silica Wafer; CA: 40'.

Sample B: 5 Min C18 Moditication Reaction; CA: 68'.

Sample

C: I Hr CISModitication Reaction; CA: 90'. Sample D: 24 Hr ClsModification Reaction; CA: 102°.

Adsorption of Dissolved Gas onto Porous Silicas
Running HPLC under conditions of 100% aqueous is a remarkably similar system; one
has a hydrophobic stationary phase completely surrounded by water. When a sufficient
amount of acetonitrile, methanol, or any other wetting solvent is present in the mobile
phase, the accumulation of air bubbles on the surface of a hydrophobic stationary phase
does not occur. The eluent wets the surface and there is no need to form a vapor barrier
at the interface. However, when the mobile phase is 100% water, a very large driving
force exists to adsorb dissolved air from the surrounding mobile phase, culminating in the
formation of nano-bubbles at the water / hydrophobic interface.

While the ability for flat hydrophobic surfaces to attract dissolved air has been shown to
occur quite readily under static conditions as evidenced in Figure 4-3, the ability of
porous hydrophobic surfaces to attract dissolved air under dynamic conditions has yet to
be shown. Proof of this concept is especially important as it resembles conditions similar
to those within the confines of a liquid chromatography column. To investigate further,
samples of porous hydrophobic silica were exposed to an aqueous solution under
vigorous stirring conditions within a closed system. Experiments were conducted with
silica samples that had a pore diameter of 60A, 150A, and 300A, respectively.
Hydrophobic modification was conducted with trimethylsilane (CI), octyldimethylsilane
(Cg), and octadecyldimethylsilane (CIS) to obtain hydrophobic silicas similar to that
which is packed into a standard HPLC column. Acetonitrile was present at 10% to allow
for some minor interactions between the aqueous solution and the hydrophobic material
as this experiment was conducted under ambient pressures and temperatures.

The

adsorption of dissolved gas onto the silica surface was measured through the use of a
sealed oxygen probe by monitoring

[02]

levels in the surrounding aqueous solution.

After approximately 30 minutes from the point of addition, the levels of oxygen in the
aqueous solution began to decrease steadily.

Equilibrium was reached after

approximately 20 hours of stirring, with a majority of the oxygen being adsorbed onto the
hydrophobic silica within the first 5 hours. A summary of the adsorption data is
presented in Table 4-1. As only oxygen content could be detected through the use of a
sealed probe, data on total air adsorption was obtained by estimating the adsorption of
nitrogen to be approximately 2.1 times greater than that of oxygen. This approximation
is based on the fact that the solubility ratio between nitrogen and oxygen is consistently
-2:l regardless of the solvent. In Table 4-2, the solubility of nitrogen and oxygen was
assessed in a variety of different solvents using gas chromatography. From this table, the
nitrogen / oxygen ratio ranged from 2.0 to 2.4, with a mean value of 2.1. Nitrogen
solubility data was consistent with literature data.'32

Table 4-1: Adsorption and Solubility of Air on Mesoporous Silica
TGA
Pore Volume,

Silica

S~dn'Ig)

O2Ads.

'Total Air

(mug)

Ads. (mug)

Weight
VP (mu&!)

Lass (%)

Pore

tSolubility

Volume

of Air

Filled (%)

(pglm')

48

0.25

3OOA Silica Gel (SBET:252m2lg;Vp: 1.88mLlg)

150A Sllica Gel (SBCT:
251m2Ig;VP:I.I8rnLig)

60A Silica Gel (&T:

C18

163

0.35

22.0

389mi/g; Vp:0.9OmLlg)

0.054

0.17

* Total amount of N2 and O2adsorbed onto the surface.

t Solubility of air within the stationary phases based on air solubility in liquid disiloxanes.

Table 4-2: Solubility Ratio of Nitrogen and Oxygen in Different Solvents

I

I

I
I
I

(Nt/03

~olvcnt

IN21 mgiL

1021 mdL

Henane

235 (298)

109

Octane

196 (226)

93

Decane

152(174)

76

Dadecane

137 (152)

70

4-Methyl Heptane

196

94

2.1

2.4-Oimehtyl Hexane

203

97

2.1

1:9 Water / Acetonitrile

114

48

2.4

Water

13.3(13)

6.8

20

Ratio

* Values in parenthesis are literature data.132

From Table 4-1, several trends can be noted. To begin, the order of magnitude in regards
to the total amount of air adsorbed onto the surface of each hydrophobic silica sample is
similar on a per gram basis for all samples analyzed, regardless of pore diameter and
alkylsilane chain length. An average adsorption of 0.16 mL/g was recorded. This was
not surprising given the fact that the relative hydrophobicity for each sample, as
measured through water contact angles, is similar when measured on flat surfaces (CI:
107";

C18:

102').

Measurements taken on flat surfaces (silicon wafers) are most

appropriate as the surfaces of porous silica gels are essentially flat relative to the size of
the adsorbed nano-bubbles.

The principal difference for these materials lies in the

substantial decrease in pore volume that accompanies a decrease in pore diameter.

Smaller pores, with their reduced volumes are far easier to block; this is highlighted by
the column entitled "Pore Volume Filled. For 3OOA and 150A pore diameters, the
amount of air adsorbed is minimal relative to the total pore volume, 9-14% and 11-22%,
respectively.

However, for materials with a 60A pore diameter, the amount of air

adsorbed is sufficient to fill a substantial amount of the pore volume. For silica with a
pore diameter of 60A, the percentages increased from 30% (CI) to 42% (CX)to 48%
(C18). This is primarily due to the decrease in pore volume that accompanies an increase
in the size of the covalently bound alkylsilane chain: 0.69 mL/g (CI), 0.50 mL/g (Cx),
0.35 mL/g (CIX).Although the data collected here was neither obtained under conditions
of 100% aqueous nor obtained under pressures typically associated with HPLC, it does
imply that chromatography columns packed with stationary phases of a smaller pore
diameter with large alkylsilane chains covalently bound to their surfaces are more likely
to experience a blocking of the pores due to the adsorption of air from the surrounding
liquid.

Solubiliv of Gases within Hydrophobic Porous Silicas
It is well known in the literature that the solubility of air in liquid alkanes increases as the
size of the respective alkane decreases or becomes more methylated."* Our own studies,
focusing on the solubility of oxygen and nitrogen in disiloxanes, due to their inherent
similarity with chromatographic stationary phases, found similar trends: 0.28 mg/mL
(CI), 0.17 mg/mL (CX),and 0.17 mg/mL (CIX).However, as the size of the attached alkyl
chain decreases, the total carbon load present on the surface decreases in a proportional
manner as evidenced by a decrease in the TGA Weight Loss (Table 4-1). While larger

chains are not as efficient in their ability to solubilize oxygen and nitrogen, they are
present at much higher percentages, thereby resulting in an increased level of air
solubilized within the alkylsilane layer itself.

Coupling this dissolved air with the

adsorbed air present on the surface, and taking into consideration the reduced pore
volumes that accompany larger alkylsilane chains, it becomes very clear that the ability to
block the pores of hydrophobic silicas increases with increasing alkylsilane chain length.

Attempting to explain the reason why large pore silicas and silicas modified with short
alkylsilane chains do not under go retention time loss when exposed to conditions of
100% aqueous is very difficult when one assumes that "phase collapse" is a de-wetting
event. However, once one views this phenomenon as an event that occurs due to the
adsorption of air on a hydrophobic surface, the reason why large pore silicas and silicas
modified with short alkylsilane chains do not under go retention time loss is easily
explained

Mechanism of "Phase Collapse" in Reverse Phase HPLC

In liquid chromatography, it is easily to overlook the fact that when running under
conditions of 100% aqueous, one is pumping more than water through the column.
Dissolved in the water being employed as a mobile phase is air; oxygen and nitrogen are
still present even though the aqueous mobile phase passes through an eluent degasser.
While the degasser may do a very good job at removing visible bubbles from the lines, it
does not do a very good job of removing dissolved air from the mobile phase as
evidenced by analyzing the nitrogen and oxygen content of water degassed by the HPLC

system. Direct measurements show -6 mg/L and -13 mg/L of oxygen and nitrogen,
respectively, thus providing evidence that modem degassers do little to remove any
dissolved air. Air is therefore being continually pumped through the column, creating an
environment rich for bubble formation. Similar to the hydrophobic silicon wafers, the
accumulation of gas on the surface effectively shields the hydrophobic stationary phase
from the surrounding water. Under the high pressure conditions of HPLC, the air bubbles
are highly compressed; the stability these air bubbles are viable as long as the pressure at
the head of the column is kept constant. Once the HPLC pump is turned off and the
pressure begins to fall, the air that makes up these bubbles begins to expand outward
forming a vapor barrier in the pore. This breaks the continuity of flow, and prevents
analytes from re-entering the porous structure of the stationary phase once the HPLC
pump is turned back on as pressures associated with standard reverse phase
chromatography are not enough to drive water back into the pores. This subsequently
reduces the analytes interaction with the stationary phase and results in a loss of retention
time. A diagram of the "phase collapse" mechanism is presented in Figure 4-4. From
this diagram, the effects of air adsorption are made clear. Large pore silicas and silicas
modified with short alkylsilane chains do adsorb air on their respective surfaces, however
the amount is not sufficient to block the continuity of flow, and thus "phase collapse"
does not occur.

Figure 4-4: Comprehensive "Phase Collapse" Mechanism
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Figure 4-4: Depiction o f the "phase collapse" mechanism highlighting the adsorption of air bubbles on the

hydrophobic stationary phase, expansion upon pressure drop, and the breaking o f the continuity of flow

Dissolved Gas in the Mobile Phase: Influence on "Phase Collapse"

Since the adsorption of air onto the stationary phase is at the center of the "phase
collapse" mechanism, any changes that directly influence this adsorption should be
manifested in changes in the retention characteristics of the probe molecules. The use of
temperature is a much more effective means of degassing than using a HPLC vacuum
degasser due to the ability to reliably control the level of gas present in the mobile phase.
Increasing the temperature of the aqueous mobile phase will decrease the solubility of air

and limit the amount of dissolved gas entering the column. This in tum should limit the
formation of adsorbed nano-bubbles present on surface of the hydrophobic stationary
phase, thereby reducing the extent of "phase collapse". Decreasing the temperature will
have the opposite effect, increasing the solubility of gas in the mobile phase and
subsequently increasing the extent of "collapse".

Plotting the change in retention time of the probe molecules upon "collapse" against the
temperature at which the aqueous mobile phase was pre-heated to results in a semi-linear
correlation between the two parameters in which the extent of retention time loss
decreased as the amount of air dissolved in the mobile phase decreased. At 25" (-6 mg/L
02), the change in retention time for uracil and nicotinamide was 37% and 45%,
respectively. Heating the water to 90' (-1 mg/L 02) prior to use reduced the amount of
dissolved gas in the mobile phase and subsequently decreased the extent of retention time
loss to 30% and 36%, respectively, a very significant change. Alternatively, cooling the
water to 4'C (-1 1 mg/L 02) increased the amount of dissolved gas and led to an increase
in the extent of retention time loss, 42% and 5 1%, respectively.

This effect is much more apparent in an overlay of the chromatography generated for the
probe molecules as the amount of gas dissolved in the aqueous mobile phase was varied,
see Figure 4-5. This data highlights the fact that "phase collapse" and the sudden loss of
retention time upon a loss of pressure is not due to de-wetting. The reason for the sudden
loss of retention is due to the rapid expansion of air adsorbed onto the hydrophobic

stationary upon shutting down the HPLC pump. This disrupts the continuity of flow in
the pore and prevents analyte access, thereby causing a sudden loss in retention time.

Figure 4-5: Effect of Dissolved Air in the Mobile Phase

Figure 4-5: Phenomenex Inertsil ODS 2 (Cis). Increasing the amount of air dissolved in the mobile phase
enhances the extent of retention time loss while decreasing the amount of air dissolved in the mobile phase
reduces the extent of retention time loss.

Conclusion
When surrounded by water, hydrophobic surfaces will adsorb small bubbles of air,
forming a vapor barrier at the water / hydrophobic interface. HPLC is no exception to
this rule; running HPLC under conditions of 100% aqueous will result in the formation of
nano-bubbles when employing a hydrophobic stationary phase. When column pressure is
reduced upon shutting down the HPLC pump, an expansion of these air bubbles occurs,
blocking the continuity of flow within the pore, thereby leading to a loss of retention.
Experimental evidence demonstrates that small diameter pores modified with long chain

alkylsilanes are more easily blocked by adsorbed air; this observation is in agreement
with chromatographic data and provides an explanation as to why large pore diameter
columns and silicas modified with short alkylsilane chains do not exhibit the retention
time loss typically associated with "phase collapse".

Addendum E (Water Porosimetry Experiments)
Investigations into the phenomenon of "phase collapse" in reverse phase HPLC was set in
motion through earlier experiments, where interactions at the water 1 hydrophobic
interface were being investigated through water porosimetry.133 Water porosimetry is a
technique very much related to mercury porosimetry when working with hydrophobic
surfaces. As mercury does not wet most surfaces, water does not wet hydrophobic
surfaces. Water will not penetrate the pores of a hydrophobic mesoporous surface by
capillary action alone and has to be forced into the pores through the application of
pressure.'34 The amount of pressure required for this to occur is inversely proportional to
the size of the pore and this information can be used to learn more about the surface one
is investigating.

In water porosimetry, steadily increasing the pressure to several

thousand psi to force the water in, and then subsequently backing the pressure down
while measuring the cumulative intrusion and extrusion of water (cm31g) yields an
intrusion I extrusion curve that provides information in regards to pore size, pore volume,
and pore size distribution, with data from the hysteresis curve providing insight into what
is occurring at the interface.

Water porosimetry experiments were carried out on three commercially available
stationary phases (Ace C18, Waters Symmetry C18, and Phenomenex Inertsil ODs-2 C18).
Columns were flushed thoroughly with acetone, unpacked, and dried prior to analysis.
The water intrusion method described in earlier works'34 was then employed using a
modified mercury porosimeter (Quantachrome Instruments - Baynton Beach, Florida).

As the pressure was increased, water was forced into the porous silica structure. This
began to occur at approximately 1,500 psi, and intrusion continued until a pressure of
5,000 psi was reached. At this point, all of the pores were completely filled with water.
As the pressure was increased to a maximum of 12,500 psi, no further changes were
observed. The pressure was then slowly brought back down to allow for the water to
extrude from the pores, however something interesting and unexpected occurred.
Extrusion of water from the pores did not occur; water was not forced out of the pores, as
shown in Figure 4-6.

Figure 4-6: Water Intrusion I Extrusion Using Water Porosimetry

Figure 4-6: Water intrusion / exhvsion curve highlighting the fact that water is not forced out of the

hydrophobic pores when the pressure is reduced from -12,500psi. This simple experiment single handedly
disproves the wetting / de-wetting theory regarding "phase collapse" that has been widely communicated in
both scientific and vendor sponsored journals.

The wetting / de-wetting theory'25 had stated that "phase collapse" is due to water being
extruded from the pore. Once water is extruded, it cannot re-enter the pore, and the
observed loss of retention is due to the subsequent loss of analyte access to the pore.
Since surface area has a direct impact on retention, with more available surface area
resulting in greater retention and less available surface area resulting in decreased
retention, any loss of surface area will cause a significant change in retention of the
analyte. As most of the surface area of silica is located within the pore structure, loss of
access to the pores will result in a loss in retention, and "phase collapse" will be
observed. This is a reasonable theory but it only takes one experiment to disprove a
theory.

The three columns detailed in Figure 4-6 (Waters Symmetry

C18,

Phenomenex Inertsil

ODs C18, and Ace C18) all show signs of rapid retention time loss when shutting down
the pump under conditions of 100% aqueous. If the de-wetting theory holds true and is
correct, then water should have been forced out of the porous structure upon a reduction
of pressure. In the water porosimetry experiments, the fact that this did not happen, leads
one to the conclusion that "phase collapse" is more than a simple wetting / de-wetting
phenomenon. This experiment sparked the interest of our research group, leading to
further investigations of the water / hydrophobic interface, which in turn lead to a new
mechanism for the phenomenon of "phase collapse" that is consistent with all
experimental data.

Addendum F (Chromatographic Conditions and Retention Time Loss)
Although much work has been done in studying the effects that promote "phase
collapsen125,126, I felt it was necessary to re-investigate this area to study these effects first
hand in order to gain a better perspective on the underlying causes of aqueous induced
retention time loss and the exact conditions under which it occurs. To begin, each HPLC
column utilized in this study was first equilibrated with a water / acetonitrile mixture for
a period of 5 hours, where the amount of water in the solution was systematically
increased (50, 75, 80, 90, 95, 96, 97, 98, 99, and 100%) prior to shutting down the pump
and allowing the pressure to drop down to atmospheric pressure for a period of 1 hour
before re-starting. The retention times of both uracil and nicotinamide, which are utilized
throughout this study as probe molecules, were recorded both before and after pump shutdown. Initial analysis of this data led to the observation that loss of retention will only
occur if the aqueous composition in the mobile phase is greater than 95%. If water is
present at a lower percentage, loss of retention will not occur. In fact, having eluent
levels at 100% aqueous is not enough to cause the actual loss of retention, for "phase
collapse" will only occur if the HPLC pump is turned off and the pressure at the head of
the column is allowed to drop down to standard room pressure. A reproducibility study
of the probe molecules showed consistent chromatography under conditions of 100%
aqueous using a standard Waters Symmetry Cl8 column for a period of 14 days under
normal operating conditions, as shown in Figure 4-7. The Waters Symmetry C18column
was chosen for this experiment and subsequent experiments throughout due to its
reputation for unmatched reproducibility and its ability to show significant changes in the

retention time of the probe analytes upon shutting down the pump under conditions of
100% aqueous.

Figure 4-7: Reproducibility under Conditions of 100% Aqueous

Figure 4-7:

Consistent retention of the probe analytes was observed over a period of 14 days under

conditions of 100% aqueous. Throughout the analysis, the flow rate was kept constant at 1.0 mLlmin and
the pump was not turned off; Waters Symmehy C18(250 mm x 4.6 mm x 5 pm) column with UV detection
at 210 nm.

From Figure 4-7, it is apparent that as long as the HPLC pump remains on and the HPLC
system remains unchanged, no visual changes in the chromatography occurs; the
retention time of the probe molecules remains the same injection after injection.
However, once the pump is turned off and both the eluent flow and column head pressure
are allowed to drop down to zero, "phase collapse" begins to occur. Re-engaging the
pump and re-assaying the samples produces a chromatogram that is distinctly different
from what was observed previously. From Figure 4-8, these changes are clear in that

both the uracil and the nicotinamide probe molecules have relatively no retention.
Previously, the retention times of these compounds were 6 minutes and 25 minutes for
uracil and nicotinamide, respectively. Now the retention times are only 3 minutes, and 4
minutes, respectively. This is a change of -69% for that of uracil and -90% for that of
nicotinamide, a significant decrease in retention.

Figure 4-8: "Phase Collapse" (Rapid Retention Time Loss)
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Figure 4-8: Turning off the HPLC pump for a period of 1 hour when under conditions of 100% aqueous

led to some very drastic changes when the pump was re-engaged, the column equilibrated, and the probe
molecules re-assayed.

The trace labeled "Collapsed" displays relatively no retention of the probe

molecules; Waters Symmetry Cis (250 mm x 4.6 mm x 5 pm) column with UV detection at 210 nm.

Flow versus Pressure
When the pump is turned off, two things occur: (1) The mobile phase passing through the
column at a set flowrate stops and remains stationary in the column and (2) The pressure
at the head of the column is reduced significantly and abruptly returns to standard room
pressure. To determine if loss of retention occurs due to a reduction of pressure, flow, or
a combination of both, a series of experiments were performed using a pressure regulator
attached to the end of the column. Use of this regulator allowed for a reduction of flow
through the column while keeping a constant operating pressure of -2,000 psi. A
reduction in the flow rate is typically accompanied with a reduction of pressure at the
head of the column, and this regulator can help to isolate out the effects of the flowrate,
independent of pressure, on "phase collapse".

With the use of this regulator, the column flowrate was gradually lowered in a systematic
fashion for a period of 1 hour prior to bringing the flowrate back up to the initial setting
of 1.0 mL/min and reassessing the retention times of the probe molecules. From these
experiments, it was noted that keeping the pressure constant while reducing the flowrate
down to 0.1 mL/min exhibited no changes in the retention times of the probe molecules
upon bringing the flowrate back to 1.0 mL/min, thus indicating that changes in the
flowrate do not cause the sudden loss of retention associated with "phase collapse". This
is shown in Figure 4-9. However, reducing the flow from 1.0 mL/min down to 0.1

mL/min without the use of a regulator (thus allowing the column head pressure to fall)
caused significant changes in the retention time of the probe molecules, thereby verifying

that aqueous induced retention time loss is solely related to the reduction of pressure at
the head of the column with no relation to the actual eluent flow through the column.

Figure 4-9: Column Head Pressure versus Flowrate
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Figure 4-9: Reduction in the flowrate for a period of 1 hour while keeping a constant pressure showed no
effect on the retention of both uracil and nicotinamide aAer the flowrate was brought back up to 1 mllmin,
thus highlighting the fact that "phase collapse" is a pressure related phenomenon; Waters Symmetry Ct8
(250 mm x 4.6 mm x 5 pm) column with UV detection at 210 nm

Extent and Rate of "PhaseCollapse"

The pump plays a very important role in regards to the phenomenon of "phase collapse"
since it controls the amount of pressure at the head of the column.

Through

experimentation, the extent to which "phase collapse" occurs and the subsequent change
in the retention time of the probe molecules was found to be influenced by the time that
the pump was switched off prior to restarting. Longer stop times led to a greater extent of

retention time loss, while shorter stop times led to a smaller extent of retention time loss,
with "phase collapse" occurring within one minute of shutting down the pump. A 25%

and 29% drop in retention was observed for uracil and nicotinamide, respectively, after
only a one minute stop time, thus indicating that "phase collapse" occurs almost
immediately after the pump is turned off. The maximum drop in retention was observed
after only a 20 minute stop time as no significant decrease in retention was noted for
periods longer than this. This is shown in Figure 4-10. Although not shown in the figure,
extending the stop time out past 24 hours did not show any additional changes.

Figure 4-10: Extent of Retention Time Loss
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Figure 4-10: Longer stop times result in a greater extent of retention time loss, while shorter stop times
result in a lesser extent of retention time loss. Loss of retention reaches a maximum after -20 minutes of
stop time. Shutting the pump off for periods longer than 20 minutes produces no additional changes.
Percent change was calculated as follows: [ (RT1.titi.l

- RTcoaaPwd)/ RT1.inal ] x 100%; Waters Symmetry C,,

(250 mm x 4.6 mm x 5 pm) column with UV detection at 210 nm.

While stop time was identified as a key parameter solely in the extent of retention time
loss, a separate variable was identified as a key parameter in both the extent of retention
time loss and the rate of retention time loss. This key parameter is column temperature,
and the rate and extent of retention time loss ("phase collapse") was found to he directly
dependent on the temperature that the column is exposed to.

In this study, three

temperature settings were investigated: S°C, 25'C, and 45°C.

In all cases, loss of

retention was observed, however it occurred much more quickly at 4S°C than it did at
5°C. For nicotinamide, the change in retention time after 1 minute of shutting down the

pump was 12% at 5'C, 29% at 25OC, and 54% at 45'C.

As noted previously, the

maximum extent of "phase collapse" was reached after only 20 minutes, but something
interesting occurred when comparing the three experiments. While the maximum change
in retention time for nicotinamide remained at 90% for both the 25°C run and the 45°C
run, the 5°C run only reached a maximum change in retention of 33%, even after periods
longer than 1 hour. A similar observation was also made for the probe molecule uracil.
As shown in Figure 4-1 1, the experiment conducted at 5°C never reached the full extent
of retention time loss.

Figure 4-11: Temperature Effects on Rate of "Collapse"
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Change in retention time with respect to both stop-time and column temperahue under

conditions of 100% aqueous using a Waters Symmetry CIS (250 mm x 4.6 mm x 5 pm) column and UV
detection at 210 nm.

The fact that "phase collapse" did not occur to its full extent when the column
temperature was set to 5°C is an interesting observation that was key to understanding the
mechanism of "phase collapse". As the solubility of air in solution increases with
decreasing temperature, the following equilibrium will shift to the left at lower column
temperatures.

Air Dissolved in Solution o Air Present on the Surface ofthe Stationary Phase

This subsequently results in less air bubbles being present on the surface of the stationary
phase, and therefore a reduction in the extent of retention time loss.

Note:

Cooling the column is different than cooling the mobile phase, which was

discussed earlier. When cooling the mobile phase, the solubility of air in the solution
increases. As this solution flows through the HPLC lines, it gradually warms to room

temperature, thereby resulting in a solution that is supersaturated with air. This supersaturation will result in more nano-bubbles present on the surface of the stationary phase
and thus an increase in the extent of retention time loss. Cooling the column while
keeping the mobile phase at room temperature creates a scenario that is the exact
opposite; the room temperature mobile phase is rapidly cooled when it reaches the
column compartment.

Cooling results in an aqueous solution that can solubilize

additional amounts air, thereby reducing the amount of air adsorbed onto the surface of
the stationary phase.

Addendum G (Column Restoration)

It is important to note that a "collapsed" column is not permanently damaged and can be
restored to a condition in which the retention characteristics (peak shape, selectivity, and
retention time) of the probe molecules match the state preceding "phase collapse". This
restoration can be achieved either by (1) adequately flushing the column with a wetting
solvent, (2) drying both the inter-particle space and the inter-pore space with a stream of
hot nitrogen to completely remove all of the water present inside the column, or (3)
applying pressure in the range of 6,000 psi with the aid of a pressure regulator attached to
the end of the column.

Flushing with a Wetting Solvent
Flushing the column with a wetting solvent involves pumping either acetonitrile or
acetone through the column overnight at a flow rate of 1 mL/min. A wetting solvent is
defined as a solvent that when placed on a surface of silica modified with octadecylsilane
chains, has a contact angle less than 10" when measured by the sessile drop method. It is
true that a solvent such as heptane can be considered a wetting solvent by this method;
however heptane is not miscible with water and would not completely remove all of the
water trapped inside the column; heptane would not restore the column to its original
working conditions. Acetonitrile and acetone, on the other hand, not only wet the
surface, but these two solvents are highly miscible with water.

Column Drying

A secondary approach to restoring a "collapsed" column back to its original working
conditions is to dry the column out completely using a stream of hot nitrogen. In this
method, one end of the column was attached to a supply of pressurized nitrogen while the
other end was connected to a gas bubbler to ensure that a sufficient flow of gas was
present. The column was then jacketed and heated to a temperature of 60°C while
allowing the nitrogen to flow freely for a period of 24 hours. Once complete, the column
was flushed with a mixture of 1 :1 water 1 acetonitrile.

Many chromatographers have the misconception that allowing a column to completely
dry out damages the stationary phase and permanently ruins the column. From a surface
chemistry perspective, this is completely untrue. Octadecylsilane (Cis) chains grafted
onto the surface of silica are very stable and cannot be removed by merely drying the
phase. In fact, temperatures in excess of 250°C must be reached in order to break the SiC bond and subsequently begin to calcinate the stationary phase.92 Physical changes to

the silica itself will not occur until temperatures well over 800°C are reached. At these
temperatures, a pair of silanol groups can hydrolyze to form a siloxane group, losing a
molecule of water during the process.'7

High Pressure Restoration
The final approach to restore a "collapsed" column is through the use of high pressure.
High pressure experiments (column restoration) were carried out on a Waters Alliance

Ultra High Pressure System (Milford Ma, USA) equipped with a photodiode array
detector, solvent degasser, auto sampler, heated column compartment, and binary pump.
In this method, the "collapsed" column was connected to a Waters UPLC with the other
end of the column attached to a pressure regulator. The flowrate was set to 1 mL/min and
the regulator was used to gently increase the back-pressure to a level of 6,000psi. The
column was then held at this pressure for a period of four hours prior to slowly releasing
the excess pressure resulting from the use of the regulator.

All columns used throughout this study were able to be restored to their initial state prior
to "collapse" using the methods detailed above. I personally prefer to use the wetting
solvent technique due to its simplicity and ease of use. Restoration of the columns
consistently brought the retention time of the probe molecules to within +I- O.lmin of
their original retention time. Subsequently "collapsing" a restored column revealed that
the retention time of the probe molecules post "collapse" was similar to what was
observed during the very first "collapse"; again, the retention time was within +I- O.lmin.
This cycle of "collapse" - restore - "collapse" was repeated several dozen times with no
deviations. Each column was consistent not only in the initial retention times of the
probe molecules, but each column was also consistent in the retention times of the probe
molecules post "collapse". For the Waters Symmetry C18column, the average standard
deviation for the retention time was 0.31% in the initial state and 0.65% in the
"collapsed" state.

Chapter 5: Pressing Issues at Presstek: An Investigation at the Titanium Silicon
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Abstract
The printing plates used in Presstek's Direct Imaging process are comprised of three
distinct layers: a bottom layer of polyethylene terephthalate (PET), a middle layer of
titanium dioxide, and a top layer of silicone elastomer. For customers located in areas of
high heat and high humidity, an unusually high number of these plates were producing
printed media of substandard results upon being imaged and subsequently processed due
to a separation of the top silicone layer from the underlying titanium layer. Further
analysis of the plates led to the conclusion that the amount of cross-linker and catalyst
used to synthesize the silicone elastomer were insufficient in the formulation. The
presence of these two components is essential in binding the silicone to the underlying
titanium through dehydrogenative coupling while simultaneously adding rigidity through
hydrosylation (cross-coupling). Samples prepared with low levels of catalyst and crosslinker are not rigid, but more fluid-like. This allows moisture to more easily penetrate the
film, reach the silicone-titanium interface, and subsequently hydrolyze any Ti-0-Si bonds
that formed through dehydrogenative coupling. With increased rigidity through adequate
levels of catalyst and cross-linker, moisture is unable to penetrate through the silicone
and reach the underlying layer of titanium. As conducting extensive use-testing where
each plate is subjected to conditions of high heat and high humidity is quite time
consuming, a quick qualitative assay was developed using infrared spectroscopy to assess
the durability of the manufactured plates. For plates known to consistently pass humidity
testing, the Si-0-Si stretching band located in the region from 980-1000 cm-' was
observed to be quite intense; the intensity of this peak was found to be proportional to the
amount of cross-linking in the silicone layer. For plates known to consistently fail, the

intensity of this peak was weak and rather difficult to observe. In addition, plates could
be compared based on the band located at -835 cm-',as the intensity of this peak relative
to an adjacent peak at -865 cm-' was found to be proportional to the amount of Ti-0-Si
bonds formed. In summary, these two key spectroscopy bands allow one to accurately
assess printing plates manufactured by Presstek in a very timely manner and make a rapid
determination regarding their susceptibility to failing under conditions of high heat and
high humidity.

Introduction

The evolution of the printing press is a long story dating back to the 1440's with the
invention of the first mechanical press by Johannes ~ u t e n b e r ~ . ' Revolutionary
~'
for its
time, this press allowed for written works to be widely distributed throughout the world
at a fraction of the cost. Prior to the invention of the printing press, books were singlehandedly copied word-for-word by hand. The reproduction of a single book often took
several months to complete and this fact alone made it almost impossible for common,
middle class individuals to own any type of literature. The cost of a book was literally
equivalent to that of a small farm or vineyard. The advent of the printing press helped to
change this and bring books to the masses.

With more people exposed to literature, literacy slowly began to increase throughout the
world, thus causing the demand for books to grow substantially. New techniques were
developed to print text clearer, faster, and cheaper. From lithography, to rotary presses,
to offset printing, there was a continual drive to always do better. Over five-hundred
years later, that drive is still present with modem efforts primarily focused on driving
down costs, as reductions of less than a penny per page can translate into very large
savings when one takes into account the sheer number of copies some printing firms put
out in a single year. To help modern day presses stay competitive in today's digital
world, Presstek, a leader in developing and improving current print technologies
introduced a technique called Direct Imaging (DI)."~ In the Direct Imaging process,
digital files are transcribed onto a master plate, where they are then transferred to paper

using an offset roller. However, these plates are not what one typically envisions when
thinking about traditional printing plates.

The printing plates used in the Direct Imaging process are thin, flexible, and come on a
roll. As traditional plates were typically ridged and metallic, these plates are polymeric
and are comprised of three distinct layers: a bottom layer of polyethylene terephthalate
(PET), a middle later of titanium dioxide, and a top layer of silicone elastomer. During
the imaging process, a high intensity laser is applied to the plate, which essentially bums
off the top silicone and titanium layers, leaving just the PET layer, which is exposed in
the regions where the laser was applied. When subsequently loaded onto the press and
brought into contact with an organic based ink, these exposed areas of PET will behave
quite differently from the top silicone layer. While the top silicone layer is oleophobic
and repels the ink from its surface, which helps in directing ink away from this nonimage forming area, the bottom PET layer is oleophilic and attracts ink to its surface,
which aids in the deposition of ink into the regions where the laser had cut. This works
to create a clear image free from artifacts and distortions. The ink from the plate is then
transferred to an offset roller before finally being applied onto the final print media.

This Direct Imaging technology has worked very well in today's digital world.
Publications in multiple formats can be uploaded onto the press, burned into a flexible
thermal printing plate, and then transferred to print media using just a single machine.
However as this technology became more widespread and more companies were

beginning to use this technique for creating their printed material, some pressing issues
began to emerge, especially for customers located in a tropical environment.

For customers located in areas of high heat and high humidity, the Direct Imaging
process was not living up to its potential as an unusually high number of plates were
producing print media of substandard results upon being imaged and subsequently
processed. Specific production lots were yielding distorted images and blurry text when
shipped to these areas. However, when these same lots were shipped to locations with a
more moderate climate, no flaws were evident.

In-house testing at Presstek led to the conclusion that high heat and high humidity were
somehow damaging the plates and causing the top silicone layer to become detached
from the underlying titanium layer when imaged and put through the press. However, no
specific distinctions between a satisfactory and non-satisfactory production lot could be
made without first stressing a plate under conditions of high heat and high humidity
followed by a use-test. Due to the length of time needed to conduct such tests, it became
very advantageous to develop a method to assess production lots without the need to run
through the entire printing process from stressing the sample to looking at the final print
media.

Based on our expertise in the area of silica surface science, our group was contacted by
Presstek to aid in solving this problem. Thus the task at hand was to determine why
certain plates were failing when exposed to tropical climates, and to design specific

analytical tests that can be carried out to quickly and easily assess the quality of each
production lot without having to run through lengthy use tests, where the plates are
imaged, test sheets are printed, and the finalized printouts are scrutinized for defects. In
this chapter, the reason why certain plates were failing was investigated thoroughly and
systematically. This led to a better understanding of the chemistry taking place during
the making of the polymeric plates used in the Direct Imaging process, as well as
providing information on what reaction parameters need to be controlled more carefully
to ensure high quality printing plates. With this knowledge in hand, a simple method for
assessing plate quality was developed and implemented.

Experimental
Direct Imaging Plates

Factory prepared and laboratory prepared Direct Imaging plates were provided by
Presstek, Incorporated (Hudson NH, USA).

Each plate consisted of a bottom

polyethylene terephthalate (PET) layer, which was spray-coated with a thin layer of
titanium. Chemically bound to the titanium was a top layer of silicone. Plates were also
provided without the top silicone layer for use as a reference.

Synthesis of the Bound Silicone Layer

The top silicone elastomer layer was covalently bound to the titanium coated
polyethylene terephthalate by spreading a mixture containing vinyl terminated
polydimethylsiloxane (PLY-7521; Silicone), methylhydrosiloxane-dimethylsiloxane,
(SYL-OFF 7362; Cross-Linker), and 10% platinum-divinyltetramethyldisiloxane in

heptane (Catalyst). In a typical sample preparation, 0.88 g of Silicone, 0.027 g of CrossLinker, and 0.075 g of the 10% Catalyst solution were mixed into 8.97 g of heptane. The
solution was then spread across the titanium coated PET, which was then subsequently
placed in an oven at 1OO°C for a period of 5 minutes.

Chemicals

Vinyl terminated polydimethylsiloxane (PLY-7521) was provided by Nusil Silicone
Technology (Carpinteria, CA, USA). Methylhydrosiloxane-dimethylsiloxane, (SYL-OFF
7367) was provided by Dow Coming (Midland, MI, USA).

The 10% platinum-

divinyltetramethyldisiloxane in heptane was provided by Presstek. Heptane was acquired

from Sigma Aldrich (St. Louis, MO, USA). Deionized water was supplied by a HYDRO
System (Hydro Service & Supplies, Inc., Garfield, NJ, USA). Gold coated silicon wafers
(1000A coating) were used as a reference medium in order to prevent Metal-Si-0 bonds
from occurring; these gold coated wafers were obtained from Sigma Aldrich.

Plate Assessment

Direct Imaging plates were assayed using a Perkin Elmer Spectrum One FT-IR
spectrometer (Waltham, MA, USA) equipped with a Harrick Seagull sampling assembly
(Pleasantville, NY, USA).

FTIR data was processed with Perkin Elmer Spectrum

software, v3.02.

The thickness of the silicone layer and the underlying titanium layer was determined with
an InOmTech Optical Ellipsometer (Model: COMPEL ELC-011); wavelength of 670 nrn,

laser diode, 70" angle of incidence. Measurements were taken within a circular radius
approximately equal to 3 mm. Each reported value was an average of three separate
measurements.

Results and Discussion
As stated previously in the introduction, each Direct Imaging plate is a composite of three
separate and distinct individual layers: a bottom layer of polyethylene terephthalate

(PET), a middle later of titanium dioxide (-30 nm thick), and a top layer of a silicone
elastomer (-1000 nm). Early on, it became apparent that some production issues were
emerging, and while Presstek was able to quickly determine that their printing problems
were primarily due to a separation of the top silicone layer from the underlying titanium
layer, exasperated under conditions of high heat and high humidity, they were unable to
determine exactly why this was occurring.

To gain a better perspective on this issue, it is important to understand the curing process
that takes place when a solution of silicone is spread across the middle titanium layer and
heated to the appropriate temperature. As one would expect, only a select number of
silicone compounds are reactive and will subsequently cure forming a rigid polymer layer
when placed under the appropriate conditions. All silicones can be essentially broken up
into two broad categories, inert silicones and reactive silicones. While both are very
similar to one another in terms of the functional groups that are bound to the siloxane
backbone (mainly methyl groups), the primary difference lies in the functional groups
that are bound to the terminus ends. While, non-reactive silicones often terminate with a

trimethylsilane group, reactive silicones terminate with a more reactive group such as a
vinyl group or a hydride group.137It is these reactive species which are used to form the
silicone elastomer layer, which is bound to the underlying layer of titanium in the Direct
Imaging plates.

In the plate making process, a heptane solution containing both polydimethylsiloxane
(vinyl terminated) and methylhydrosiloxane-dimethylsiloxane is spread across the
titanium coated PET. Subsequent heating to 100°C causes hydrosilylation to occur,
resulting in the formation of a rigid silicone polymer.

Essentially, the

methylhydrosiloxane acts as a cross-linking agent, locking the polydimethylsiloxane
chains together. A schematic of the hydrosilylation reaction is as follows:
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The hydrosilylation of siloxanes containing vinyl functional groups with siloxanes
containing hydride functional groups forms the basis of addition cure chemistry. 138-140
Addition cure chemistry provides an extremely flexible basis for formulating silicone
elastomers with no byproducts. High amounts of hydride containing siloxanes (crosslinker) in the formulation results in a very hard and rigid silicone elastomer; low amounts
of cross-linker in the formulation results in a soft gel-like elastomer which typically
contains a fair number of free, unreacted siloxanes. ' 4 1 ~ 1 4 2 Without the cross-linker,

hydrosylation does not take place and a solid silicone elastomer will never form. Clearly
the presence of the cross-linker is critical to elastomer formation, linking the long
siloxane polymers together. However, the cross-linker also plays another role.

In addition to reacting with vinyl terminated siloxanes in a process called hydrosylation,
hydride containing siloxanes also react with the underlying titanium dioxide to form
Metal-0-Si bonds in a process termed dehydrogenative c o ~ ~ l i nA~schematic
. ~ ~ ' ~of~the
dehydrogenative reaction is as follows:

This coupling reaction works to effectively bind the silicone elastomer to the surface. If
the concentration of the cross-linker is too low, the silicone elastomer will not be strongly
bound to the surface and thus be more susceptible to separation under stressed conditions.
To study this further, Presstek supplied several productions lots which were known to
either consistently fail or consistently pass use-testing when exposed to conditions of
high temperature and high humidity.

Production Lots

A total of four production lot samples were provided by Presstek: Lot 2163, a recent lot

known to consistently fail when placed under stressed conditions; Lot 5 173, a one-year

old lot known to consistently pass when placed under stressed conditions; Lot 6132, a
recent lot which provides mixed results when placed under stressed conditions; and Lot
6160, a recent lot known to consistently pass when placed under stressed conditions. To
ensure that each sample was representative of its respective production lot, samples were
cut directly from the manufactured rolls and shipped under controlled conditions to
minimize any exposure to extreme changes in heat and humidity which might degrade the
samples known to consistently fail prior to their delivery.

Upon arrival, each plate was assayed via infrared spectroscopy to obtain an initial
reference spectrum. An overlay comparing each production lot is shown in Figure 5-1,
with the fingerprint region of the spectrum shown in greater detail. From this figure, the
following observations can be made: (1) A reflectance anomaly occurs throughout each
spectrum. This anomaly repeats regularly and is due to the nature of the sample being
investigated. Unlike traditional samples assayed using reflectance techniques, where
electromagnetic radiation in the infrared region only reflects off the top of the sample
prior to reaching the detector, silicone coated titanium offers another pathway. Not only
can infrared beams reflect off the top of the silicone layer, these beams can pass through
the silicone, reflect off the titanium, and then pass through the silicone again prior to
reaching the detector. This phenomenon causes a regularly repeating anomaly to be
observed. While this broad repeating peak offers no additional information and can be
therefore overlooked, it can affect the quality of the spectrum making interpretation more
difficult. (2) The presence of CH3 groups attached to the siloxane backbone manifests
itself in several bands located throughout the spectrum. A strong CH3 stretching band is

present at -2970 cm-'. At -1260 cm-' a strong band is present due to the multitude of SiCH3 groups; this band is primarily from 0-Si(CH3)z-0 with the slight shoulder at -1270
cm-' attributed to (0,)-Si(CH3). The 0-Si(CH3)2-0 group also manifests itself as a band
located at -780 cm-' and a very weak band at -860 cm-I. (3) The presence of a band at
-1 120 cm-' is indicative of cross-coupling and the formation of the hydrosylation
product. Although it is observed in Figure 5-1, this band is often difficult to see due to
the nature of the reaction that is occurring. Typically, the siloxane structure (Si-0-Si)
yields a very strong band in the region from 1130 cm" to 1000 cm-', but as the siloxane
structure becomes longer and more branched due to cross-coupling reactions, the
adsorption band in this region becomes much broader and inherently more complex,
often splitting into two or more bands. '44,'45 This splitting often overlaps with much less
prominent bands making them difficult, if not impossible to see. As an example,
dehydrogenative coupling, which bonds methylhydrosiloxane to the titanium surface via
Ti-0-Si linkages, should elicit a weak band at 925 cm-'. However, due to the broad
splitting pattern of the Si-0-Si, this band cannot be observed.

Figure 5-1: Comparison of Production Lots

I Fingerprint Regiol

Figure 5-1:

Comparison of production lots received from Presstek. Lot 6160 has been previously

observed to consistently pass humidity testing, while lot 2163 has been observed to consistently fail
humidity testing.

This broad splitting of the Si-0-Si band presents some stark and severe consequences.
Since failing plates exhibit a separation of the silicone layer from the titanium layer when
stressed under conditions of high heat and high humidity, seeing the Metal-0-Si band is
essential to assessing plate quality. More than likely, failing plates do not have a
significant number of bonds linking the silicone to the underlying titanium and thus they
separate more easily under stressful conditions. The presence of Ti-0-Si groups typically
yield a clear band at -925 cm-', however this region is blocked out by the two broad
bands produced on account of the branched siloxane structure. This aids in explaining
why there are essentially no differences between Lot 6160 (Passing Sample) and Lot
2163 (Failing Sample), as shown in Figure 5-1. In fact, no significant differences
between all four productions lots were able to be discerned via IR spectroscopy during
this initial analysis.

Stress Studies (Temperature and Humidity)

Since the production samples were shipped and stored under a controlled environment,
stressing the samples may produce additional information. Each production lot was held
at 100% relative humidity and 60°C to help induce separation of the top silicone layer for
those samples known to consistently fail. After a period of eight hours under these
conditions, each sample was visually inspected for any noticeable changes in the
appearance of the plate, however none were observed. Subsequent analysis via IR
revealed no discemable differences when comparing spectra taken before and after the
samples were subjected to conditions of high heat and high humidity. An overlay
depicting production lots 2163 (known to consistently fail) and 6160 (known to

consistently pass) is shown in Figure 5-2. For brevity, only these two samples are shown;
lots 5173 and 6132 showed similar behavior with no discemable differences. Following
these results, an extended stress study was conducted where the samples were stored
under conditions of 100% RH and 80°C for a period of three days. Similar results were
obtained with no changes in the infrared spectra.

Figure 5-2: Comparison of Production Lots (Humidity Stress)
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Figure 5-2: No discemable differences in the IR spectra were observed when the plates were placed under

conditions of high temperature and high humidity.

Ellijwometry (Silicone Layer Thickness)

As a secondary comparison to assess any differences between passing and failing plates,
the thickness of the bound silicone layer was determined through the use of ellipsometry.
Results led to the conclusion that only minor variations exist between plates, with a

thickness ranging from 1040 nrn to 1110 nm. No correlation between passing and failing
plates was evident. Upon stressing the samples under conditions of high heat and high
humidity (100%RH and 60°C) for a period of eight hours, the thickness was re-assessed.
Again, no significant differences were evident, suggesting that the thickness of the
silicone layer is consistent for all samples; application of the silicone layer appears to be
uniform in both passing and failing plates. Clearly, more experimental data is required to
understand exactly what is occurring at the silicone titanium interface.

Variations in Catalyst and Cross-linker Loading

The presence of the Cross-Linker is essential in adding rigidity to the top silicone layer
and helping it to bind to the underlying titanium surface. If the levels of Cross-Linker
and Catalyst are too low, effective cross-linking may not fully occur. The structural
integrity of the top silicone layer will be compromised, and the sheer number of Ti-0-Si
bonds will be greatly diminished. To investigate the effect of the Cross-Linker further,
on our request, Presstek synthesized a series of silicone coated printing plates with
varying amounts of both Catalyst and Cross-Linker. Each plate was then subjected to
conditions of high heat and high humidity prior to testing each plate manually through
imaging and subsequent printing. Although running these tests are quite involved and
require a significant amount of time, the results should provide information into
determining both the robustness of Presstek's formulation and the appropriate CrossLinker and Catalyst loading required for consistent quality in the plates manufactured. In
the standard formulation, the Cross-Linker and Catalyst are present at 3.1% and 0.85%,
respectively (this is in relation to the polydimethylsiloxane - Silicone).

From the results, which are depicted in Figure 5-3, it can clearly be seen that a critical
amount of Catalyst and Cross-Linker is required to obtain high quality printing plates.
Unfortunately, the standard formulation (denoted by #8) used by Presstek lies too close to
the region which yields printing plates that are highly susceptible to failure under stressed
conditions. This helps to explain the reason why there is such inconsistency in the
printing plates produced

-

some consistently pass while others consistently fail. Based

on this data, it was suggested that Presstek raise the amount of Cross-Linker and Catalyst
in the formulation to ensure consistent quality in the plates they manufacture.

Figure 5-3: Effects of Cross-Linker and Catalyst Loadings on Plate Durability
Catalyst and Crosslinker Summary
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Figure 5-3: Effects of cross-linker and catalyst loading on plate susceptibility to failure under conditions

of high heat and humidity; Astandard formulation - mixed results; rn consistently fails humidity testing;
consistently passes humidity testing.

Although raising the amounts of Catalyst and Cross-Linker in the formulation should
ensure the manufacturing of printing plates that consistently pass humidity testing, it is
still important to be able to assess plate durability without undergoing an extensive and
time-consuming use-test. For this reason, the plates that were synthesized with varying
levels of Catalyst and Cross-Linker were assayed via IR both before and after humidity
stressing in the hope that such wide differences in the formulations will help to clarify
minor differences in the spectra, which could subsequently be indicative of plate quality
and provide additional information on what is occurring at the atomic level.
Unfortunately, this comparison was complicated by the fact that the first two sets of lab
samples provided (IS' set: samples 4 and 6; 2ndset: 3, 7, 8, 10, and 1 I) have a different
overall spectral pattern when compared to the third set of samples (12, 13, 14, 15, 16, 17,
and 18). This is illustrated in Figure 5-4.

Figure 5-4: Typical IR Spectra for Samples of Varied Cross-Linker and Catalyst
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Figure 5-4: Typical IR spectra observed for the samples with varying amounts of cross-linker and catalyst;
low-6equency region, normalized. Bottom spectra: before humidity stress. Top spectra: after humidity
stress.

Nevertheless, after a thorough comparison of the spectra, a notable difference was
evident. The intensity of a peak located at 1267 cm-' was found to be influenced by the
levels of Cross-Linker present in the formulation. Samples 18, 10, 15, and 13 all have the
same Catalyst loading (0.33%), only differing in the amount of Cross-Linker present,
1.6%, 2.7%, 3.8%, and 4.3%, respectively. For these samples, a close inspection of the

IR data reveals a decrease in the intensity of the peak at 1267 cm-' as the amount of the
Cross-Linker increases; see Figure 5-5. Similar trends were also observed in the series
with a Catalyst loading of 0.45% (samples 4, 17, 3, and 12), 0.75% (samples 8, 14, and
1 1), and 1.5% (samples 16 and 6).

Figure 5-5: Effect of Cross-Linker Loading on 1267 cm-'Band
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Figure 5-5: Influence of cross-linker concentration on the intensity of the band at 1267 cm". Bottom

spectra: before humidity stress. Top spectra: after humidity stress.

On the other hand, no changes were observed in samples where the concentration of the
Cross-Linker remained consistent while the concentration of the Catalyst was varied.
This is highlighted by a comparison of samples 17 and 16, both of which have CrossLinker levels set constant at 2.7% (see Figure 5-6). Unfortunately, the fact that samples
17 and 16 are similar is quite discouraging as sample 17 represents a failing formulation
while sample 16 represents a passing formulation. This observation leads one to the
conclusion that while information regarding the Cross-Linker can be obtained from the
IR spectrum, Catalyst levels cannot be definitively assessed based on the final IR
spectrum. Similar trends were also observed with constant Cross-Linker loadings of
1.6% (Samples 7,4, and IS), 3.8% (Samples 6, 14,3, and 15), and 4.3% (Samples 11, 12,
and 13).

Figure 5-6: Effect of Catalyst on IR Spectrum
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Figure 5-6: Changes in the concentration of the catalyst were found to have no impact on the overall IR

spectrum. Bottom spectra: before humidity stress. Top spectra: aAer humidity stress.

According to the ~ i t e r a t u r e , the
' ~ ~ peak at 1267 cm-', which has been observed in both
passing and failing samples, is attributed to the presence of CH3-Si(O3). This particular

group can originate from two sources: ( I ) the chemical grafting of the Cross-Linker to the
titanium surface, and (2) the hydrolysis of Cross-Linker bound to the titanium surface.

Grafting of Cross-Linker

Hydrolysis of Cross-Linker

For passing samples, the band at -1270 cm-I should consistently be displayed, and this is
indeed the case. Samples 16, 6, 14, and 11 all display this particular band as a prominent
shoulder on the left-hand side of the CH3 stretching peak located at -1260 cm-I.
However, for failing samples, the nature of this band is different, and therefore this band
may or may not be displayed. Failing samples with a marginal amount of Cross-Linker
and Catalyst will show this band as a fair number of Ti-0-Si bonds will have been
formed during the curing process. In cases where the Catalyst is a limiting factor, the
size of this peak will diminish with increasing Cross-Linker as the number of Ti-0-Si
bonds relative to the amount of Cross-Linker will be diminished.

This can easily be seen in Figure 5-5; keeping a constant level of Catalyst below what is
necessary for the formation of satisfactory printing plates, while gradually increasing the
level of Cross-Linker, leads to a reduction in intensity for the peak located at -1270 cm-'.
In Sample 12, formulated with low levels of Catalyst and high levels of Cross-Linker, the
peak at -1270 cm-' is not present. However, after allowing this sample to be stored under
conditions of high temperature and high humidity for an extended period of eight weeks,

a peak at -1270 cm" was observed. This newly observed peak, as depicted in Figure 5-7,
is caused by subsequent Cross-Linker hydrolysis. This is a key observation.

Figure 5-7: Hydrolysis of Cross-Linker in Sample 16
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Figure 5-7: Hydrolysis of the Cross-Linker is evident in sample 12 (known to consistently fail) after

exposure to high temperature and high humidity conditions for a period of 8 weeks. No changes were
evident in sample 16, which has been known to consistently pass.

Samples prepared with higher levels of the Cross-Linker and Catalyst (passing samples)
exhibit a higher degree of cross-coupling, and are therefore more rigid and have a very
low mobility. Moisture is unable to penetrate these films and reach the underlying
titanium layer. Conversely, samples prepared with lower levels of Catalyst and CrossLinker have greater mobility. This allows moisture to more easily penetrate the film,

allowing water to reach the silicone-titanium interface and subsequently break any Ti-OSi bond, as depicted in Figure 5-8. 146,147

Figure 5-8: Effect of Moisture on the Structural Integrity of the Silicone Layer
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Figure 5-8: Failing samples have insufficient cross-coupling, which allows moisture to penetrate more

readily, effectively breaking any Ti-0-Si bonds and allowing the silicone layer to separate 6om the
underlying titanium layer.

While the absence of a peak at -1270 cm-I is indicative of poor cross-coupling, and
therefore can be used to identify a failing plate, the presence of a peak at -1270 cm-' does
not lead one to the immediate conclusion that the given plate being assayed is of adequate

quality. A printing plate that yields a peak at -1270 cm-' may either consistently pass
humidity testing, or it may consistently fail humidity testing. An answer cannot be
known unless a sufficient use test is conducted. The fact that the peak at -1270 cm-' is
manifested in both the grafting of the Cross-Linker to the titanium surface and the
removal of the Cross-Linker from the surface due to hydrolysis, leads one to the
conclusion that the state of the silicone layer may be changing over time. Thus, it is
probable that additional information may be gained by studying how the reaction kinetics
differ between formulations known to consistently pass humidity testing versus
formulations know to consistently fail humidity testing. As all of the samples assayed
have been prepared and shipped to our research group from Presstek's manufacturing site,
a significant amount of time has elapsed since the original preparation of each sample.
Knowing that some minor changes in the spectrum can occur over an extended period of
time, it may be beneficial to assay samples and make comparisons immediately after
preparation to eliminate any uncertainty related to these time-related bands.

Real-Time Analysis of Polymerization

To further this idea, a series of samples with varying amounts of Silicone, Cross-Linker,
and Catalyst were prepared.

A chart detailing the percentage of Cross-Linker and

Catalyst relative to Silicone for each of the sample formulations can be found in Figure 59. Each formulation was coated evenly across a thin plate of titanium coated PET and

placed in an IR sample holder with temperature control. An initial spectrum was taken of
the mixture, and then the temperature was slowly increased from ambient to 6S°C (the
maximum programmable temperature of the IR sample holder), while continually

collecting IR spectra. Upon reaching 65"C,the sample was removed from the holder and
placed in an oven at 100°C for 5 minutes to insure complete polymer formation. A final
spectrum was then taken.

Figure 5-9: Sample Formulations Utilized in the Real-Time Analysis Studies
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Figure 5-9: Formulation summary; A expected to yield mixed results;

failing results (low levels of Catalyst and Cross-Linker);

expected to yield consistently

expected to yield consistently passing results

(adequate levels of Catalyst and Cross-Linker).

From this initial set of experiments, it was evident that the formation of the rigid silicone
polymer occurs quite rapidly, even under ambient conditions with little to no heating. On
account of this, all future kinetic studies will not undergo a slow heating from ambient
temperature as this initial heating stage is not required. In the new procedure, samples

will be monitored under ambient conditions for one full hour prior to a final temperature
age at 100°C for five minutes. An overlay of select spectra focusing in on the initial
stages of the polymerization reaction for Formulation A is presented in Figure 5-10. In
addition to the rapid polymerization, the following observations can be made: (1) The
relative size of the CH3-Si(03) band located at -1270 cm-' has increased dramatically,
even though the amount of Cross-Linker is roughly equivalent to that of Presstek's
standard formulation. (2) The series of bands related to the siloxane structure (Si-0-Si;
1000-1200 cm-') has been improved with a more enhanced splitting pattern. (3) The SiCH3 stretching band located between 800 cm-' and 900 cm-' has been improved and is
more easily observed.

Figure 5-10: Polymerization of Formulation A

Wavenumbers (cm-1)

Figure 5-10: Comparison of the IR spectrum acquired during the polymerization of formulation A; top

spectrum -prior to reaction; bottom spectrum - after aging at 100°C.

As the spectra obtained immediately after polymerization contain notable enhancements
when compared to those taken several weeks after sample synthesis, a comparison of
printing plates using these improved spectroscopic patterns was done. Looking at the
overlays provided in Figure 5-1 1, distinct differences were observed and subsequently
noted when comparing formulations that typically pass humidity testing against
formulations that typically fail humidity testing. The primary observed difference is in
the intensity of the peak that occurs in the range between 980-1000 cm-' (circled in Figure
5- 11; solid line). For formulations known to pass humidity testing, the intensity of this
peak has been found to be very strong, while for formulations known to fail humidity
testing, the intensity of this peak is weak and rather difficult to observe. It is theorized
that since the extent of cross-linking and siloxane branching causes a broadening and
subsequent splitting of the Si-0-Si peak, samples with adequate amounts of Cross-Linker
and Catalyst will be highly branched and should therefore display a more sophisticated
and intense pattern in this region. As the differences between passing and failing samples
is quite apparent, this portion of the spectrum can be used to reliably evaluate samples
without the need to conduct lengthy use-tests. A second, equally notable difference is
also apparent. This difference was only found in samples lacking either the Cross-Linker
(Formulation G) or the Catalyst (Formulation F). For these two samples (circled in
Figure 11; dashed line), it can be seen that the intensity of the peak located at -835 cm"
is comparable to the intensity of the adjacent peak located at -865 cm-I. For all other
samples, this is not the case; the intensity of the peak at -835 cm-I is much greater. While
it can be seen that the intensity of this peak is greater for passing samples than it is for
failing samples, the difference is not as prominent as the band at 980-1000 cm-I.

Figure 5-11: Comparison of Samples Immediately Upon Preparation
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Passing Samples (A, B, E, H)

Passing Samples (J, K, L, M)

Failing Samples (C, D, F, G, I)

Figure 5-11: Comparison of the IR spectrum acquired immediately aAer aging for 5 minutes at 100°C.

Samples A, H, and I were formulated to provide mixed results.

The fact that this peak at -835 cm-'was comparable to the adjacent peak at -865 cm-' in
terms of intensity only for those samples lacking either the Cross-Linker or the Catalyst,
leads one to the theory that this set of two peaks in the spectrum may be dependant upon
the formation of Ti-0-Si bonds. To confirm this theory, the polymerization reaction was
run in a similar manner on a gold coated surface. Since gold is relatively inert and does
not react well with other species, the Cross-Linker will not react with the gold surface

and dehydrogenative coupling will not occur regardless of the amount of Cross-Linker
and Catalyst present in the formulation.

No Metal-0-Si bonds will form and the

polymerized silicone layer will just simply be sitting on top of the gold surface. In Figure
5-12, an overlay of Formulation H prepared on titanium coated PET is compared to the
same formulation on the surface of gold coated silica. From this comparison, it is clear
that the intensity of the band located at -835 cm-I has been dramatically reduced and is
comparable in intensity to the band located at -865 cm-I. This result fits well with the
data obtained for formulations F and G, which used no Catalyst and Cross-Linker,
respectively (Figure 5-1 1).

Figure 5-12: Polymerization on a Gold Coated Surface
1.3:

Figure 5-12: Comparison of the IR spectnrm for formulation H prepared on titanium coated PET and gold

coated silica wafers.

It is thus concluded that the intensity of the peak at -835 cm-' relative to the peak at -865
cm-' is proportional to the number of Ti-0-Si bonds formed, with a greater number of
bonds yielding a more intense peak located at -835 cm-'. Therefore, from these two parts
of the spectrum, an accurate assessment of plate durability can be made. The only
limiting factor is that the plates must be assayed immediately upon preparation.

Conclusion
Separation of the top silicone layer from the underlying layer of titanium is a direct result
of having Cross-Linker and Catalyst levels that are below the required threshold for
proper cross-coupling. Increasing these levels from the current formulation employed by
Presstek will ensure that the printing plates manufactured will have a rigid silicone layer
that is impenetrable to high levels of moisture in the atmosphere in addition to being
firmly attached to the underlying titanium layer. While it is difficult to compare passing
and failing printing plates that have been stored under ambient conditions for extended
periods of time due to the fact that slight changes in the IR spectrum do occur,
comparative IR assays performed immediately upon preparation yield information that is
helpful in deciphering the quality of the printing plates.

Epilogue

The field of surface chemistry is quite immense; there is much to learn, far more than
anyone can ascertain in a lifetime of study. During my time at Seton Hall I have gained
tremendous insight into the surface chemistry of silica, but I have only scratched the
surface. There is still much to discover.

Throughout this manuscript, I have touched on many different topics. Each chapter was
unique and distinctive; however, a common theme was present throughout.

This theme

and the overall premise of my dissertation can be condensed into two simple statements:
(1) The surface of a material is very important, especially when it comes to surface

curvature, and (2) Materials always want to reduce their surface energies.

These two simple statements are immensely important; not only in regards to the topics
herein, but to the many other topics that one may encounter within the field of surface
chemistry. If there is but one take away message, I only wish that everyone remembers
those two statements and the fact that in surface chemistry, it's what's on the surface that
matters the most.
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